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Preface

The purpose of this book is to bring together groups
of scholarly articles articles from international ex-
perts that discuss both the current state of knowl-
edge regarding regenerative cardiology and the pos-
sibilities for using cell replacement therapy, with
and without adjuncts, as a clinical approach for
treating cardiovascular diseases, specifically my-
ocardial infarction and cardiomyopathy. Cell re-
placement therapy may also have a future role in
benefiting the course of cardiovascular aging.

The book is organized into five sections. The first
section provides detailed discussions of stem cell
biology, including the properties of homing and
transdifferentiation, and focuses on the types of cells
being studied for use in myocardial and vascular
regeneration.

The second section is organized to provide a thor-
ough overview of cardiac progenitor cells in the
adult heart, focusing in on their biologic charac-
teristics and function. Their recent discovery and
characterization helps to confirm that the heart is
not a postmitotic organ as previously thought, but
an organ capable of regeneration and self-repair.
Heart homeostasis is regulated by a stem cell com-
partment characterized by multipotent cardiac cells
that possess the ability to acquire the distinct cell
lineages of the myocardium.

The third section provides the experimental and
clinical evidence that stem cells play a role in my-
ocardial and vascular regeneration. A discussion is
also included of various biologic factors (cytokines,
IGF-1) that can both amplify and modify the regen-
erative processes in the heart.

The fourth section critically reviews experimen-
tal studies in heart failure that have used stem cell
therapy in diabetic cardiomyopathy, myocardial ag-
ing, and extensive ischemic injury. Some of the
strategies being utilized to enhance cell replacement

therapy are also highlighted, including the use of
bioengineered scaffolds and the application of gene
therapy.

The final section consists of a chapter discussing
the future directions of regenerative cardiovascu-
lar medicine in disease treatment. It was recently
demonstrated that a human urinary bladder can
be regenerated outside the body from stem cells,
grown on biological scaffolds, and implanted as a
functioning organ in humans. This approach may
not be far away in human beings with cardiovas-
cular diseases. Currently, stem cells are being given
in clinical trials as a peripheral or direct coronary
artery infusion or are being implanted directly into
the heart with early evidence of clinical benefit. Var-
ious growth factors are also being used as adjuncts
to stimulate the mobilization, homing, and growth
of peripheral and/or organ-specific stem cells for
myocardial repair.

The future is bright for utilizing and amplifying
the biologic processes of myocardial and vascular
regeneration for the treatment of human disease.
This book provides a window into that future.

The editors are indebted to the many contribu-
tors to this book who come from various scientific
and clinical disciplines and to our trainees and col-
leagues who have served as research collaborators
and sources of intellectual stimulation. A special
acknowledgment must be given to Joanne Cioffi-
Pryor who has served as the in-house editorial assis-
tant for this book and for other cardiovascular texts
and journals from our institution. Her critical eye
and meticulous attention to detail have contributed
to the successful completion of this text.

We wish to acknowledge our editor, Gina
Almond, and the editorial staff at Blackwell, espe-
cially Fiona Pattison, who have guided the book
through the editorial process.

xi
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xii Preface

Finally, we are privileged to bring together this
unique and timely book on this new and burgeoning
field of scientific and clinical endeavor, regenerative
cardiovascular medicine. The editors and contribu-
tors hope that this text will increase the understand-
ing of cardiovascular regeneration so as to stimulate
an ongoing dialogue between scientists, clinicians,

and other interested individuals as this field contin-
ues to move forward.

Annarosa Leri, MD
Piero Anversa, MD

William H. Frishman, MD
Valhalla, NY
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Introduction

Annarosa Leri, MD, Piero Anversa, MD, &
William H. Frishman, MD

Cardiovascular diseases, including myocardial
infarction and heart failure, are the leading causes
of death in the industrialized world and account
for 16.7 million deaths annually. In the United
States, approximately 900,000 people die every year
from the complications of cardiovascular diseases,
representing 38% of the overall mortality in this
country (www.americanheart.org/statistics). The
epidemic problem of heart failure, together with
the limitations in its management, constitute the
basis for the current interest in regenerative car-
diology. This novel field aims at the identification
of primitive cells and/or gene products, which
are capable of activating directly or indirectly the
formation of myocytes and coronary vessels lost
because of pathological conditions. Within a few
years following the experimental documentation
that bone-marrow-derived cells (BMDCs) could
induce cardiac repair after infarction, clinicians
began to administer endothelial progenitor cells,
mononuclear bone marrow cells (BMCs), and
CD34-positive cells to patients affected by acute
and chronic ischemic heart failure [1–5]. In general,
these interventions have had a favorable outcome,
pointing to the feasibility and safety of this ther-
apeutic approach. Questions persist, however,
concerning the transient and long-term efficacy of
this strategy [6–9]. While patients are currently be-
ing enrolled in large randomized clinical trials, the
documentation for the existence of cardiac-specific
adult progenitor cells (CPCs) has also raised the
possibility of using these resident undifferentiated
cells for the treatment of human disease [10, 11].

The notion that the reconstitution of damaged
infarcted myocardium cannot be accomplished
has been successfully challenged by experimental
studies in animals, by using the intramyocardial
injection of c-kit-+ BMDCs, mesenchymal stem

cells, embryonic stem cells, and clonogenic c-kit-+
CPCs, by using the systemic mobilization of
BMDCs, and the local activation and mobilization
of CPCs with growth factors [12]. In all cases, a
significant regeneration of infarcted myocardium
has been obtained in combination with an im-
provement in cardiac function and a decreased
animal mortality. In addition, areas of spontaneous
myocardial regeneration, mediated by activation
and differentiation of resident CPCs, have been
found in the infarcted human heart [12].

Clinically, it might be more efficient and
powerful to employ stem cells that reside in the
damaged organ than to deliver cells from the bone
marrow and other sources. By necessity, noncardiac
progenitor cells have to undergo a reprogramming
phase to acquire the cardiomyocyte lineage and to
generate coronary vessels [13]. However, exogenous
cells can be easily collected from a bone marrow
biopsy or the peripheral blood, offering a unique
and simple supply of potentially efficacious cells
for use in cardiac repair. At present, it is unknown
whether CPCs and BMCs are similarly effective
in reconstituting dead myocardium. Limitations
exist in CPC growth in one case and in BMDC
transdifferentiation in the other. The natural
pathways of differentiation and stability of the
original phenotype are preserved when stem cells
are located in their developmentally determined
microenvironment [14]. However, the inter- and
intragerm layer transitions of stem cells also depend
on changes in the local milieu that condition their
ability to differentiate into end-stage effector cells,
typical of the injured organ [13, 14]. CPCs are
predestined to become myocardial cells, and this
inherent advantage overcomes the need for the
complex and time-consuming process of chromatin
reorganization. Whether these differences have an

1

Cardiovascular Regeneration and Stem Cell Therapy
Edited by Annarosa Leri, Piero Anversa, William H. Frishman

Copyright © 2007 by Blackwell Publishing

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


2 Introduction

impact on the timing and efficiency of myocardial
regeneration by various cell types is presently
unknown. The rapid restoration of myocardium
and myocardial functioning is often crucial for the
survival of the organ and organism, especially in
patients with large myocardial infarcts. Thus, the
search continues to find the most appropriate cell
type to use in optimizing replacement therapy for
the recovery of myocardial structure and function.

References

1 Losordo D, Dimmeler S. Therapeutic angiogenesis and

vasculogenesis for ischemic disease. Part II: cell-based

therapies. Circulation 2004; 109:2692–2697.

2 Wollert KC, Drexler H. Clinical applications of stem cells

for the heart. Circ Res 2005; 96:151–163.

3 Schächinger V, Torsten T, Dimmeler S, Zeiher AM.

Bone-marrow-derived progenitor cell therapy in need

of proof of concept: design of the REPAIR-AMI trial.

Nat Clin Pract Cardiovasc Med 2006; 3(suppl 1):S23–

S28.

4 Assmus B, Honold J, Schachinger V, et al. Transcoronary

transplantation of progenitor cells after myocardial in-

farction. N Engl J Med 2006; 355(12): 1222-1232,

5 Schachinger V, Erbs S, Elsasser A, et al for the REPAIR-

AMI Investigators: Intracoronary bone marrow-derived

progenitor cells in acute myocardial infarction. N Engl J

Med 2006; 355(12):1210–1221,

6 Britten MB, Assmus B, Abolmaali ND, et al. Preserved

functional improvement and evidence for reverse left

ventricular remodeling two years after intracoronary pro-

genitor cell therapy in patients with acute myocardial in-

farction. Circulation 2005; 112:ii–632.

7 Meyer GP, Wollert KC, Lotz J, et al. Intracoronary bone

marrow cell transfer after myocardial infarction: eighteen

months’ follow-up data from the randomized, controlled

BOOST (bone marrow transfer to enhance ST-elevation

infarct regeneration) trial. Circulation 2006; 113:1287–

1294.

8 Welt FG, Losordo D. Cell therapy for acute myocar-

dial infarction: curb your enthusiasm? Circulation 2006;

113:1272–1274.

9 Boyle AJ, Schulman SP, Hare JM: Stem cell therapy for

cardiac repair. Ready for the next step. Circulation 2006;

114:339–352.

10 Anversa P, Kajstura J, Leri A, Bolli R. Life and death of

cardiac stem cells: a paradigm shift in cardiac biology.

Circulation 2006; 113:1451–1463.

11 Anversa P, Leri A, Kajstura J: Cardiac regeneration. J Am

Coll Cardiol 2006; 47:1769–1776.

12 Leri A, Kajstura J, Anversa P. Cardiac stem cells and mech-

anisms of myocardial regeneration. Physiol Rev 2005;

85:1373–1416.

13 Pomerantz J, Blau HM. Nuclear reprogramming: a key to

stem cell function in regenerative medicine. Nat Cell Biol

2004; 6:810–816.

14 Leri A, Kajstura J, Anversa P. Identity deception: not a

crime for a stem cell. Physiology 2005; 20:162–168.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


I PART I

Stem cell biology
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1 CHAPTER 1

Homing of stem cells and
tissue injury

Ayelet Dar, PhD, Orit Kollet, PhD, & Tsvee Lapidot, PhD

Introduction

Hematopoietic stem cells continuously replenish
the blood with immature and maturing leukocytes
as part of homeostasis. Organ injury dramatically
amplifies this process by the secretion of stress sig-
nals, which induce recruitment of progenitor and
maturing cells from the bone marrow reservoir of
leukocytes to the damaged tissue, as part of host
defense and repair mechanisms. This chapter will
review the reciprocal cross talk between injured tis-
sues and the bone marrow reservoir and will point
out key players in stem cell homing. The central
roles of the chemokine SDF-1 (CXCL12) and its
receptor CXCR4 in stem cell recruitment to in-
flamed/damaged tissues will be discussed.

The homing process: the roles of
SDF-1 and CXCR4

Organ injury and/or inflammation because of vi-
ral or bacterial infections are accompanied by an
increase in the levels of inflammatory cytokines
and chemokines in the damaged organs and con-
sequently in the peripheral blood [1]. These stress
signals have been shown to recruit immature
hematopoietic stem and progenitor cells as well as
maturing leukocytes from the bone marrow reser-
voir to the circulation, which then home to the dam-
aged liver, brain, heart and other nonhematopoi-
etic organs [2–4], as part of host defense and repair
mechanisms. The bone marrow contains a variety of
cell types, including hematopoietic stem cells with
self-renewal and multilineage differentiation capac-
ity [5, 6] and nonhematopoietic stemcells, mes-

enchymal stem cells [7] and endothelial progenitor
cells [8]. These bone marrow cells have been shown
to contribute to tissue regeneration and to the re-
covery of damaged organs [3, 9] as well as to tissue
neovascularization [8, 10].

Several physiological (e.g., physical activity [11])
and pathological (e.g., myocardial infarction, is-
chemia [12]) stimuli as well as clinical treatments
(e.g., granulocyte-colony-stimulating factor [13],
statins [14], estrogens [15]) increase the numbers
of various bone marrow progenitor cell types in
the circulation, with the potential of their migra-
tion to injured tissues. Major players in the reg-
ulation of this multistep process of cell mobiliza-
tion and homing are the chemokine SDF-1 and
its receptor CXCR4. SDF-1 (also termed CXCL12)
is the only known powerful chemoattractant of
murine [5] and human [16] hematopoietic stem
cells. In early developmental stages, experimental
deficiency of SDF-1 results in lethal cardiac defects,
similar to those of CXCR4-deficient mice. CXCR4
and its ligand SDF-1 are constitutively expressed
by murine and human bone marrow endothelial
and endosteal bone lining stromal cells [6, 17–
19], which both define the hematopoietic stem cell
niches [20, 21]. Homeostatic expression of SDF-1
is also found in nonhematopoietic tissues, including
skin [22], epithelial cells in the bile ducts of brain
endothelium [2], liver [3], and heart [23, 24].

Many studies document the central roles of
CXCR4 in navigating the homing of circulating hu-
man CD34+ hematopoietic stem and progenitor
cells through the blood-marrow barrier into their
specialized niches in the bone marrow. This spe-
cific process is induced in response to presentation
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6 PART I Stem cell biology

of murine SDF-1 (which is cross-reactive with
the human chemokine) on endothelial and other
bone lining stromal cells in transplanted immune-
deficient NOD/SCID mice (reviewed in [25]).

Certain stress-induced physiological and patho-
logical conditions are characterized by SDF-1 el-
evation in the peripheral blood and within dam-
aged organs, which contribute to the recruitment of
CXCR4+ homing cells. For example, after myocar-
dial infarction, SDF-1 mRNA levels are markedly
up-regulated in the murine heart and are involved in
the chemoattraction of bone-marrow-derived cells
[24]. In another model of ischemic cardiomyopathy
in the rat heart, it was shown that forced expres-
sion of SDF-1 improves ventricular function post
damage [26]. In addition, during focal cerebral is-
chemia, SDF-1 expression is increased in endothe-
lial cells located within the lesioned brain areas and
is assumed to induce CXCR4-dependent infiltra-
tion of circulating leukocytes [2]. A hint for the
contribution of bone-marrow-derived CD34+ pro-
genitor cells to organ recovery was demonstrated
using a brain stroke model in mice. The adminis-
tration of human cord-blood-derived CD34+ cells
to mice that were previously subjected to stroke
induced neovascularization by vascular endothe-
lial growth factor (VEGF) secretion in the ischemic
zone, provided a favorable environment for neu-
ronal progenitor migration and regeneration [4].
In agreement with these observations, it was shown
that during hypoxic conditions, the elevation of the
transcription factor hypoxia-inducible-factor-1 in
endothelial cells selectively up-regulates SDF-1 ex-
pression within ischemic regions in vivo, which in
turn increases the recruitment of CXCR4+ circu-
lating progenitors into areas of reduced oxygen ten-
sion in murine skin, muscle, and bone marrow [10].
Furthermore, stress-induced signals such as inflam-
mation, irradiation and hepatitis C virus infection
of the murine or human liver result in elevation
of SDF-1 amounts, accompanied by HGF (hepato-
cyte growth factor) expression, which then target
human CD34+ progenitors to the damaged liver
[3]. Altogether, these results suggest a mechanism
for tissue defense. There is also evidence for repair
and regeneration by SDF-1-mediated recruitment
of CXCR4+ hematopoietic and endothelial precur-
sors upon stress-induced conditions. Interestingly,
selective expression of different SDF-1 isoforms has

been reported. For example, in the brain, neurons
express SDF-1-α, while endothelial cells selectively
express SDF-1-β. During cerebral ischemia, tran-
sient and selective modulations in SDF-1 expression
are believed to regulate distinct pathways for neu-
ronal phenotype or cerebral infiltration [2]. In ad-
dition, although α and γ isoforms (but not SDF-
1-β) of SDF-1 are abundantly expressed in heart
tissue SDF-1, the amounts of SDF-1-α are selectively
up-regulated after myocardial infarction [27]. Such
modulations in SDF-1 isoform expression imply a
specific functional role for different SDF-1 alterna-
tive splicing products, which has to be elucidated
more broadly.

Inflammation and ischemic and hypoxic condi-
tions are known to stimulate elevation in VEGF and
SDF-1 levels [12, 28]. Both SDF-1 and VEGF are re-
ported to be involved in sprouting and remodeling
of preexisting blood vessels in the course of angio-
genesis and mediate neovascularization [29, 30], for
example, by recruiting endothelial cell precursors
from the bone marrow [31], for wound healing or
in pathological processes such as chronic inflam-
mation or tumor growth [32].

Clinical protocols of DNA-damaging agents such
as total body irradiation or chemotherapy have been
shown to cause significant increase in SDF-1 levels
in the bone marrow and spleen within 24–48 hours,
leading to improved CXCR4-dependent homing of
human CD34+ stem and progenitor cells in trans-
planted NOD/SCID mice [17]. In contrast, repeti-
tive administration of G-CSF (granuloycyte colony-
stimulating factor), which is widely used in clinical
protocols aimed at hematopoietic stem cell mobi-
lization, markedly decreases SDF-1 expression in
human and murine bone marrow [13]. Moreover,
administration of the sulfated polysaccharide fu-
coidan, which competes with SDF-1 binding to hep-
aran sulfate, resulted in a rapid and massive release
of SDF-1 into the circulation, reduction in its levels
in the bone marrow, and a significant increase in the
levels of circulating hematopoietic stem and pro-
genitor cells [33]. Supporting this notion, enforced
increased levels of SDF-1 by adenoviral vectors [31],
MetSDF-1 [34], or SDF-1 injections [35] lead to
progenitor and stem cell mobilization. In another
model of parabiotic mice with joint circulation, the
dramatic elevation in the levels of G-CSF-mobilized
stem cells correlated with increased repopulation
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in the partner bone marrow, revealing that mo-
bilized stem cells can efficiently home back to
G-CSF-simulated bone marrow (mimicking stress
injury and inflammation), in contrast to the low
homing levels observed with steady state circu-
lating stem cells to nonstimulated bone marrow
[36]. This report demonstrates that during stress-
induced mobilization, homing rates to the stressed
organs are also augmented, confirming that mo-
bilization and homing are sequential, physiologi-
cal processes. Collectively, these results suggest that
the up-regulation of SDF-1 in the injured organ
and consequently in the circulation is a prerequisite
first step, interfering with the steady state balance
in the bone marrow reservoir, initiating mobiliza-
tion and recruitment, which requires microenvi-
ronmental changes of the stem cell niche and its
residents—the stem cells.

How do the distant injured organs transfer
SDF-1 “stress signals” through the circulation
into the bone marrow? The endothelium har-
bors a highly selective transport system for de-
livery of chemokines and other molecules across
this mechanical barrier—a mechanism termed
transcytosis—in which active transfer of proteins
and molecules is mediated by transport vesicles
(e.g., clathrin-coated pits, caveolae [37]). As such,
endothelial cells in the blood-marrow barrier use
their CXCR4 receptors to actively regulate SDF-1
levels by CXCR4-mediated functional transcytosis
of this chemokine from the circulation into the bone
marrow. This unique and potent capacity also char-
acterizes other stromal cells, including cells of the
endosteum region, which comprise the hematopoi-
etic stem cell niche, but not bone marrow resid-
ing or circulating hematopoietic cells [19]. It is
noteworthy that CXCR4-mediated translocation of
functional circulating SDF-1 into the bone marrow
can actively increase hematopoietic progenitor cell
homing to this tissue, which is followed by stem
cell mobilization and recruitment to injured organs.
Importantly, this process uniquely defines the dual
role of CXCR4-expressing tissue-anchored stromal
cells in the bone marrow, spleen, and other organs.
CXCR4 is capable of activating signaling pathways
upon SDF-1 stimulation (e.g., migration, prolifer-
ation, proteolytic enzyme secretion, angiogenesis,
and neovascularization) and can also regulate in-
ternalization and trafficking of its ligand potentially

aimed at communication between organs and the
bone marrow reservoir [19, 38].

Homing and the injured
myocardium

SDF-1 appears to be a key factor that regulates traf-
ficking of additional types of bone-marrow-derived
stem and progenitor cells, such as endothelial pro-
genitor cells [10, 39] and mesenchymal stem cells
[7, 40], to ischemic/inflamed tissue. In accordance,
local delivery of SDF-1 can enhance endothelial
progenitor cell recruitment and neovascularization
[41]. Several examples illustrate the contribution of
bone-marrow-derived endothelial progenitor cells
to improve cardiac function [10, 26, 41] and to en-
hance angiogenesis and neovascularization in sev-
eral ischemic tissue models [42]. Of importance,
inflammatory pathways in the injured organs also
activate the recruitment of mature bone-marrow-
derived cell types, which participate in mechanisms
of tissue defense and repair as well. In addition,
more differentiated bone-marrow-derived mature
cells have been shown to establish perivascular
niches prior to endothelial cell positioning and re-
tention. Bone marrow recruitment of myeloid cells
into injured heart and their retention in close prox-
imity to angiogenic vessels is mediated by VEGF-
induced expression of SDF-1 in activated perivascu-
lar myofibroblasts [43]. Moreover, it was shown that
the homing of bone-marrow-derived hematopoi-
etic c-kit+ progenitor cells was accompanied by the
recruitment of bone-marrow-derived mature natu-
ral killer cells in response to inflammation-secreted
stress signals, which contributed to cardiac survival
and repair after myocardial infarction [44]. How-
ever, in patients suffering from chronic ischemic
coronary heart disease (ICMP), the ability of cir-
culating endothelial progenitor cells to contribute
to the neovascularization of the continuously in-
flamed heart is impaired with respect to number and
functional activity. Note also that bone-marrow-
derived mononuclear cells, isolated from patients
with ICMP, have a significantly reduced migratory
potential to a gradient of SDF-1 or VEGF, with re-
duced progenitor colony-forming activity in vitro
and reduced neovascularization capacity in vivo, de-
spite a similar content of hematopoietic progenitor
cells, which would limit their therapeutic potential
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for clinical cell therapy [45]. These results sug-
gest that factors such as SDF-1, continuously se-
creted by the ischemic hearts of ICMP patients,
can effectively reach the bone marrow, leading to
desensitization and inhibition of endothelial and
hematopoietic progenitors’ migration and prolifer-
ation/differentiation.

Increased levels of SDF-1 in injured tissues are
accompanied by modulations in the levels of addi-
tional factors, which actively participate in regula-
tion of SDF-1 availability and function as well as in
homing cell navigation and retention. Deficiency in
nitric oxide synthase results in elevated SDF-1 lev-
els in ischemic artery in a murine model, which is
accompanied by increased numbers of circulating
Sca1+c-Kit+Lin− stem cells [46]. Since this ligand

also induces secretion of matrix metalloproteinases
(MMPs), such as MMP2/9, SDF-1 elevation in dam-
aged organs is also accompanied by an increase in
and activation of various MMPs, which are involved
in matrix degradation in the context of motility and
in vivo migration of normal and malignant progen-
itor cells [3, 47].

Conclusion

In summary (schematically illustrated in Fig-
ure 1.1), dynamic SDF-1 and CXCR4 interac-
tions regulate immature and mature bone-marrow-
derived cell egress/mobilization in response to stress
signals as well as their homing into injured organs
aimed at tissue defense and repair mechanisms.

Bone marrowBone
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l e

n
d
o
th

e
liu

m

SDF-1

Injured organ

Blood vessel endothelium

SDF-1 transport

CXCR4

Cell recruitment

Stem/progenitor cell

Maturing leukocyte

Figure 1.1 Immature and maturing cell recruitment
mediated by SDF-1 transport: a model for communication
between the injured organ and the bone marrow. Organ
injury induces increased local production of SDF-1.
Endothelial cells of the blood vessels translocate SDF-1
from the damaged tissue via the circulation into the bone

marrow in a CXCR4-dependent manner. Presentation of
the translocated SDF-1 by bone marrow endothelial and
other stromal cells recruits CXCR4-expressing immature
progenitors and stem cells as well as maturing leukocytes
to the injured organ as part of host defense and organ
repair.
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Recent findings illustrate the participation of
CXCR4 expressed by endothelial and other stromal
cells in the bone marrow, spleen, and other organs,
in regulating homing and retention of hematopoi-
etic progenitors upon uptake and presentation of
circulating functional SDF-1, leading to mobiliza-
tion and recruitment of immature hematopoi-
etic and endothelial progenitors to injured organs.
These results suggest that CXCR4 expressed by stro-
mal and endothelial cells actively participates in
regulation of this mutual organ crosstalk during
homeostasis and organ injury/damage. In coopera-
tion with the bone marrow reservoir of hematopoi-
etic and endothelial cells, CXCR4+ progenitors and
maturing cells with migration, proliferation, neo-
vascularization, and defense potential participate
in organ–bone marrow communication as part of
host defense and repair mechanism. Taken together,
these findings deepen our understanding of the
significance of SDF-1 modulations in the circula-
tion, bone marrow, and damaged organs, which ac-
company many pathological conditions and may
contribute to the creation of improved clinical
protocols.

References

1 Lapidot T, Petit I. Current understanding of stem cell

mobilization: the roles of chemokines, proteolytic en-

zymes, adhesion molecules, cytokines, and stromal cells.

Exp Hematol 2002; 30(9):973–981.

2 Stumm RK, Rummel J, Junker V, et al. A dual role for the

SDF-1/CXCR4 chemokine receptor system in adult brain:

isoform-selective regulation of SDF-1 expression modu-

lates CXCR4-dependent neuronal plasticity and cerebral

leukocyte recruitment after focal ischemia. J Neurosci

2002; 22:5865–5878.

3 Kollet O, Shivtiel S, Chen YQ, et al. HGF, SDF-1, and

MMP-9 are involved in stress-induced human CD34+
stem cell recruitment to the liver. J Clin Invest 2003;

112(2):160–169.

4 Assmus B, Honold J, Schachinger V, et al. Transcoronary

transplantation of progenitor cells after myocardial in-

farction. N Engl J Med 2006; 355(12):1222–1232.

5 Schachinger V, Erbs S, Elsasser A, et al for the REPAIR-

AMI Investigators: Intracoronary bone marrow-derived

progenitor cells in a acute myocardial infarction. N Engl

J Med 2006; 355(12):1210–1221.

6 Peled A, Petit I, Kollet O, et al. Dependence of human

stem cell engraftment and repopulation of NOD/SCID

mice on CXCR4. Science 1999; 283:845–848.

7 Jiang Y, Jahagirdar BN, Reinhardt RL, et al. Pluripotency

of mesenchymal stem cells derived from adult marrow.

Nature 2002; 418(6893):41–49.

8 Hattori K, Dias S, Heissig B, et al. Vascular endothe-

lial growth factor and angiopoietin-1 stimulate postna-

tal hematopoiesis by recruitment of vasculogenic and

hematopoietic stem cells. J Exp Med 2001; 193(9):1005–

1014.

9 Boyle AJ, Schulman SP, Hare JM: Stem cell therapy for

cardiac repair. Ready for the next step. Circulation 2006;

114:339–352.

10 Ceradini DJ, Kulkarni AR, Callaghan MJ, et al. Progenitor

cell trafficking is regulated by hypoxic gradients through

HIF-1 induction of SDF-1. Nat Med 2004; 10:858–864.

11 Anversa P, Leri A, Kajstura J: Cardiac regeneration. J Am

Coll Cardiol 2006; 47:1769–1776.

12 Urbich C, Dimmeler S. Endothelial progenitor cells: char-

acterization and role in vascular biology. Circ Res 2004;

95(4):343–353.

13 Petit I, Szyper-Kravitz M, Nagler A, et al. G-CSF induces

stem cell mobilization by decreasing bone marrow SDF-1

and up-regulating CXCR4. Nat Immunol 2002; 3(7):687–

694.

14 Vasa M, Fichtlscherer S, Adler K, et al. Increase in cir-

culating endothelial progenitor cells by statin therapy in

patients with stable coronary artery disease. Circulation

2001; 103:2885–2890.

15 Wojakowski W, Tendera M. Mobilization of bone

marrow-derived progenitor cells in acute coronary syn-

dromes. Folia Histochem Cytobiol 2005; 43:229–232.

16 Aiuti A, Webb IJ, Bleul C, et al. The chemokine SDF-1 is a

chemoattractant for human CD34+ hematopoietic pro-

genitor cells and provides a new mechanism to explain the

mobilization of CD34+ progenitors to peripheral blood.

J Exp Med 1997; 185(1):111–120.

17 Ponomaryov T, Peled A, Petit I, et al. Induction of

the chemokine stromal-derived factor-1 following DNA

damage improves human stem cell function. J Clin Invest

2000; 106:1331–1339.

18 Imai K, Kobayashi M, Wang J, et al. Selective secretion

of chemoattractants for haemopoietic progenitor cells by

bone marrow endothelial cells: a possible role in homing

of haemopoietic progenitor cells to bone marrow. Br J

Haematol 1999; 106(4):905–911.

19 Dar A, Goichberg P, Shinder V, et al. Chemokine recep-

tor CXCR4-dependent internalization and resecretion of

functional chemokine SDF-1 by bone marrow endothelial

and stromal cells. Nat Immunol 2005; 6(10):1038–1046.

20 Zhang J, Niu C, Ye L, et al. Identification of the

haematopoietic stem cell niche and control of the niche

size. Nature 2003; 425:836–841.

21 Sipkins DA, Wei X, Wu JW, et al. In vivo imaging of spe-

cialized bone marrow endothelial microdomains for tu-

mour engraftment. Nature 2005; 5(7044):969–973.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


10 PART I Stem cell biology

22 Pablos JL, Amara A, Bouloc A, et al. Stromal-cell derived

factor is expressed by dendritic cells and endothelium in

human skin. Am J Pathol 1999; 155(5):1577–1586.

23 Zou YR, Kottmann AH, Kuroda M, et al. Function of

the chemokine receptor CXCR4 in haematopoiesis and

in cerebellar development. Nature 1998; 393(6685):595–

599.

24 Wojakowski W, Tendera M, Michalowska A, et al. Mo-

bilization of CD34/CXCR4+, CD34/CD117+, c-met+
stem cells, and mononuclear cells expressing early cardiac,

muscle, and endothelial markers into peripheral blood

in patients with acute myocardial infarction. Circulation

2004; 110(20):3213–3220.

25 Lapidot T, Dar A, Kollet O. How do stem cells find their

way home? Blood 2005; 106(6):1901–1910.

26 Askari AT, Unzek S, Popovic ZB, et al. Effect of stromal-

cell-derived factor 1 on stem-cell homing and tissue re-

generation in ischaemic cardiomyopathy. Lancet 2003;

362:697–703.

27 Gupta SK, Pillarisetti K. Cutting edge: CXCR4-Lo: molec-

ular cloning and functional expression of a novel human

CXCR4 splice variant. J Immunol 1999; 163(5):2368–

2372.

28 Heissig B, Werb Z, Rafii S, Hattori K. Role of c-kit/Kit

ligand signaling in regulating vasculogenesis. Thromb

Haemost 2003; 90:570–576.

29 Tachibana K, Hirota S, Iizasa H, et al. The chemokine re-

ceptor CXCR4 is essential for vascularization of the gas-

trointestinal tract. Nature 1998; 393(6685):591–594.

30 Salcedo R, Wasserman K, Young HA, et al. Vascular en-

dothelial growth factor and basic fibroblast growth factor

induce expression of CXCR4 on human endothelial cells:

in vivo neovascularization induced by stromal-derived

factor-1alpha. Am J Pathol 1999; 154:1125–1135.

31 Hattori K, Heissig B, Tashiro K, et al. Plasma elevation of

stromal cell-derived factor-1 induces mobilization of ma-

ture and immature hematopoietic progenitor and stem

cells. Blood 2001; 97(11):3354–3360.

32 Folkman J. Angiogenesis in cancer, vascular, rheumatoid

and other disease. Nat Med 1995; 1:27–31.

33 Sweeney EA, Lortat-Jacob H, Priestley GV, et al. Sul-

fated polysaccharides increase plasma levels of SDF-1

in monkeys and mice: involvement in mobilization of

stem/progenitor cells. Blood 2002; 99:44–51.

34 Shen H, Cheng T, Olszak I, et al. CXCR-4 desensitiza-

tion is associated with tissue localization of hemopoietic

progenitor cells. J Immunol 2001; 166:5027–5033.

35 Kollet O, Samstein R, Spiegel A, et al. Osteoclasts are in-

volved in stem cell mobilization: cleavage of SDF-1 by

cathepsin K. Blood 2004; 104:364A–364A.

36 Abkowitz JL, Robinson AE, Kale S, et al. Mobilization of

hematopoietic stem cells during homeostasis and after

cytokine exposure. Blood 2003; 102(4):1249–1253.

37 Tuma PL, Hubbard AL. Transcytosis: crossing cellular bar-

riers. Physiol Rev 2003; 83:871–932.

38 Kortesidis A, Zannettino A, Isenmann S, et al. Stromal-

derived factor-1 promotes the growth, survival, and de-

velopment of human bone marrow stromal stem cells.

Blood 2005; 105:3793–3801.

39 Heissig B, Hattori K, Dias S, et al. Recruitment of stem

and progenitor cells from the bone marrow niche re-

quires MMP-9 mediated release of kit-ligand. Cell 2002;

109(5):625–637.

40 Laflamme MA, Murry CE. Regenerating the heart. Nat

Biotechnol 2005; 23:845–856.

41 Kawamoto A, Tkebuchava T, Yamaguchi J, et al. Intramy-

ocardial transplantation of autologous endothelial pro-

genitor cells for therapeutic neovascularization of my-

ocardial ischemia. Circulation 2003; 107:461–468.

42 De Falco E, Porcelli D, Torella AR, et al. SDF-1 involve-

ment in endothelial phenotype and ischemia-induced re-

cruitment of bone marrow progenitor cells. Blood 2004;

104:3472–3482.

43 Grunewald M, Avraham I, Dor Y, et al. VEGF-induced

adult neovascularization: recruitment, retention, and role

of accessory cells. Cell 2005; 124(1):175–189.

44 Ayach BB, Yoshimitsu M, Dawood F, et al. Stem cell fac-

tor receptor induces progenitor and natural killer cell-

mediated cardiac survival and repair after myocardial in-

farction. Proc Natl Acad Sci USA 2006; 103:2304–2309.

45 Heeschen C, Lehmann R, Honold J, et al. Profoundly

reduced neovascularization capacity of bone marrow

mononuclear cells derived from patients with chronic is-

chemic heart disease. Circulation 2004; 109:1615–1622.

46 Zhang LN, Wilson DW, da Cunha V, et al. Endothelial

NO synthase deficiency promotes smooth muscle pro-

genitor cells in association with upregulation of stro-

mal cell-derived factor-1{alpha} in a mouse model of

carotid artery ligation. Arterioscler Thromb Vasc Biol

2006; 26(4):765–772.

47 Tessone A, Feinberg MS, Barbash IM, et al. Effect of matrix

metalloproteinase inhibition by doxycycline on myocar-

dial healing and remodeling after myocardial infarction.

Cardiovasc Drugs Ther 2005; 19:383–390.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


2 CHAPTER 2

Adult stem cell plasticity: lineage
potential on a continuum

Peter J. Quesenberry, md, Gerald Colvin, do, &
Mehrdad Abedi, md

Adult marrow stem cells represent the most ex-
tensively studied stem cell population, and the
hematopoietic system the most completely stud-
ied renewal/differentiation system. Early studies
showed that differentiation into blood cells at
the morphological level was hierarchical [1–5].
Myeloblasts sequentially differentiated into mature
granulocytes and erythroblasts into mature ery-
throcytes. These studies combined time course eval-
uations of murine marrow recovery from cytotoxic
insults, with tritium labeling of cells to define prolif-
erative and nonproliferative maturing marrow pop-
ulations, and established the hierarchical nature of
hematopoiesis when relatively mature elements of
the system were considered.

The description of the colony-forming unit
spleen (CFU-s), the first clonal stem cell assay [6],
immediately suggested a stem cell to end cell dif-
ferentiation hierarchy. The CFU-s had proliferative
potential and could differentiate into all myeloid
lineages. Subsequent descriptions of granulocyte-
macrophage progenitors assayed in clonal in vitro
cultures [7–8] indicated the probable existence
of a hierarchy of pluripotent stem cells (CFU-s)
differentiating to progenitors (CFU-GM, colony-
forming unit granulocyte-macrophage) to mor-
phologically recognizable myeloid cells. Subse-
quently, there also followed descriptions of ery-
throid and megakaryocyte progenitors, which could
all be placed in a very logical hierarchical system [9–
17]. Over time, a large number of progenitors, as-
sayed in vitro, with virtually all types of lineage com-
binations, were described, including single lineage

progenitors. When studies on in vivo assays for long
and short-term repopulating cells were reported,
the significance of the CFU-s was debated, but the
probability of a hierarchical system from a primitive
renewal stem cell, to a multilineage progenitor, to a
single lineage progenitor, to differentiated cells was
strengthened. The hierarchical nature of the system
was further supported by in vitro studies showing
the decline of long-term engraftable stem cells with
expansion of progenitor populations, and by studies
indicating a hierarchical transcription factor regu-
lation of hematopoiesis [18–20].

However, from the very beginning there was ev-
idence that the system at the progenitor stem cell
level was not a neat orderly hierarchy. Till et al.
[21] noted the heterogeneity of renewal capacity
of CFU-s and proposed that the system was basi-
cally stochastic. They compared these populations
to radioactive nuclei, where the decay rate of the
population of nuclei was highly predictable, but
that of individual nucleus totally heterogeneous
and unpredictable. The continued observations de-
scribing the heterogeneity of marrow stem cells
should have urged caution to many investigators
who were proposing a classical hierarchical model.
In recent studies on perhaps the most purified cy-
cle synchronized marrow stem cell population, the
lineage negative rhodamine low Hoechst (LRH)
stem cell, total heterogeneity was found at isola-
tion or at specific points in the cell cycle when
these cells were cultured on a single cell basis in
cytokines and analyzed regarding gross colony mor-
phology and the lineage makeup of the colonies (GA
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Colvin, PJ Quesenberry, unpublished observation,
2006).

Work by Suda et al. [22] indicated that a strict
hierarchical system was very unlikely. They cul-
tured primitive stem/progenitor cells and separated
daughter cells from an early proliferative unit and
then followed differentiation of the daughter cells
under permissive cytokine conditions. In a hierar-
chical system, one would expect that each daughter
cell would give the same differentiation outcome
when placed under similar cytokine conditions.
However, in approximately 20% of the cases, the
differentiation outcomes did not fit into an ordered
hierarchy. Thus, one colony might have erythroid
and megakaryocyte elements, and the other sister
colony, granulocyte and macrophage components.
Recently, Takano et al. [23], studying asymmetric
division and lineage commitment at the level of the
murine hematopoietic stem cell, presented strong
data arguing against a purely hierarchical system
and against the recently proposed concept regarding
a common lymphoid and common myeloid stem
cell as part of a hierarchy.

In this chapter, we will provide the arguments for
and against the biologic phenomenon of stem cell
plasticity.

Stem cell plasticity

Stem cell plasticity, of course, directly relates to the
concepts of adult marrow stem cell heterogeneity
and hierarchy, or the lack thereof. It also expands
these concepts into nonhematopoietic cells and tis-
sues. Viewed simply, recent data in this area would
indicate that marrow stem cells have more and
broader differentiation potential than previously re-
alized. As will be discussed, the temporal plasticity
of the stem cell system indicates great flexibility and
further expands its potential. In order to address the
full potential of the adult marrow stem cell system,
we first need to address the controversies that have
arisen around adult marrow stem cell plasticity.

First, what are the observations that demon-
strate stem cell plasticity does exist? Lagasse and
colleagues [24], using the fumarylacetoacetate
hyroxylase (FAH) deficient mouse, which without
appropriate drug treatment 2-(2-nitro-4-trifluo-
romethyl benzoyl)-cyclohexane-1,3-done (NTBC)
dies of fatal tyrosinemic liver disease, showed

that purified marrow stem cells could produce
robust numbers of hepatocytes and cure the mice.
Additional studies confirmed that marrow cells
can produce nonhematopoietic tissue cells in liver,
skeletal muscle, and lung [24–34] (J Aliotta, M
Dooner, J Pimentel, PJ Quesenberry, unpublished
observation, 2004), albeit tissue function has been
more difficult to approach. These phenomena
occur in other tissues such as the heart, skin,
bone, pancreas, cartilage, gastrointestinal tract,
kidney, and brain and have, in general, given a
lower percentage of total tissue cells, but are still
demonstrable [35–55]. Cardiac studies, which are
extensively dealt with in this book, have been rela-
tively controversial and represent the only plasticity
studies where competent investigators have carried
out similar studies with divergent results [42, 43].
Some of the other “negative” studies will be dis-
cussed below. However, when examined altogether,
a large number of studies have shown that marrow
cells can produce or be involved in the creation of
nonhematopoietic tissues in a variety of tissues.

The mantra for adult marrow stem cell plastic-
ity to be considered important or real is that one
has to do the work clonally, the phenomenon has
to be robust, and cell fusion must not be involved
[56–58]. In addition, major criticisms have been
put forward as to the validity of donor cell identi-
fication of nonhematopoietic tissue cells in various
organs. It has also been stressed that transdifferen-
tiation must be established. This debate has been
driven, in part, by negative studies purporting not
to reproduce many of the positive results shown by
others. It is worth addressing each component of
this debate, which has been previously character-
ized as “Ignoratio Elenchi” [59].

Cell identification
Perhaps the most important issue is the validity
of cell identification. Concerns have been ex-
pressed about the validity of autofluorescence,
with green fluorescent protein (GFP) studies,
and about a false reading of cellular overlap. In
general, our own reading of these studies is that
the more prominent ones have been carefully
carried out, with full attention given to a rigorous
demonstration of the donor origin of tissue
cells, having been identified with tissue-specific
markers. In contrast, the negative studies have
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been sparse in detail and do not appear to have
been carried out with as much rigour. Overlapping
cells and autofluorescence in the lung have been
cited as major problems causing false positive
results, indicating marrow to lung conversions
[60, 61]. The same investigators failed to find any
examples of conversions despite the large number
of studies showing that they exist. In detailed
studies in our laboratory, using a GFP+ marrow
transplant system and anti-GFP antibodies to
specifically mark GFP, we found no evidence of
confounding autofluorescence. In our studies,
all slides are read with a double-band-pass filter.
We also carried out extensive deconvolution and
confocal studies to determine whether the presence
of GFP positive CD45− or cytokeratin+ cells were
confounded by the presence of adjacent cells. In
cells that we determined had a nucleus (DAPI
staining), which were GFP+ and either CD45−
or cytokeratin+, we are yet to find evidence of
overlapping cells. Finally, in studies that failed to
detect nonhematopoietic donor cells, these investi-
gators carried out an intraperitoneal transplant of
newborn mice, which is not a standard transplant
model and not an approach used by others. A trans-
genic surfactant-promoter model was used and no
positive cells were found. However, this model was
never validated and only a small percentage of the
transgenic cells expressed this promoter.

Transdifferentiation

The concept of transdifferentiation and the impor-
tance of showing that the phenomenon represents
transdifferentiation is a red herring or Ignoratio
Elenchi. There is no a priori reason to insist that the
observation that donor marrow cells can assume a
nonhematopoietic cell phenotype has to be ascribed
to transdifferentiation, but that is what some would
insist upon. In fact, as far as we are aware, trans-
differentiation has never been absolutely established
in any system, including that of the newt or skate.
In these cases, differentiation from small popula-
tions of resident stem cells has never been ruled out.
In fact, it would seem likely that the major mech-
anism underlying the observed plasticity is prob-
ably differentiation from relatively small numbers
of functionally primed stem cells with subsequent
selection. This, of course, remains to be established.

Clonality
This is another red herring. As described above,
primitive marrow stem cells are very heterogeneous.
Therefore, single-cell studies tell you about the
heterogeneity. They are unnecessary for plasticity
work. The appropriate studies for stem cell plasticity
should be on defined populations of cells. Single-cell
studies can then be carried to establish the nature
of the heterogeneity.

Robustness
This is relatively meaningless. A single stem cell may
lead to a “robust” repopulation under repetitive in-
jury conditions, for example, as existed in the FAH
studies. Alterations in tissue function should be
considered the end game of this research, not a crit-
icism of the initial studies on the phenomena. It is
probably worth mentioning that the work with em-
bryonic stem cells has led to almost no demonstra-
tions of in vivo function and those few are clouded
by the probability that they are demonstrating the
potential of neoplastic cells.

Fusion
In many reports, there has been a significant re-
placement of host tissue cells with cells derived from
donor marrow cells, either by fusion or differen-
tiation, with levels ranging from 0.2–35% for re-
placement of skeletal muscle or lung tissue [62–64].
There have been a fairly wide range of values for per-
cent donor cells acquiring a nonhematopoietic phe-
notype in different tissues. A noninclusive list is out-
lined for skeletal muscle, lung, and liver in Tables 1
and 2.

In studies on the capacity of GFP+ marrow cells
to differentiate into or fuse in vivo with skeletal
muscle and lung, we have found many variables af-
fecting the outcome. It is the differences in specific
methodology and application of these variables that
probably explain the variance of results with these
plasticity studies. We have found, when studying
either marrow to lung or skeletal muscle, that the
percentage of donor-derived cells is influenced by
many variables, most prominently the nature and
extent of the injury to the tissue under considera-
tion [29, 33]. Without any injury, at least in lung or
skeletal muscle, one sees very rare to no donor mar-
row cells with the phenotype of nonhematopoietic
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Table 2.1 Marrow to lung and skeletal muscle conversions.

Tissue Injury Donor cells Conversion result (%) Ref.

Skeletal Radiation and exercise GFP marrow 3.5 [25]

Muscle TBI/mdx Spleen marrow 0.2 [26]

TBI/mdx Marrow side population 1–10 [27]

TBI/cardiotoxin GFP marrow 1–2 [28]

G-CSF mobilization up to12.5 [29]

and direct injection of

lineage negative marrow

cells

α-Sarcoglycan Blood vessel-associated 50 [62]

null dystrophic mice fetal stem cells

Lung 600 cGy GFP marrow, mononuclear 1–7 [31]

cells or side population

Radiation Rosa MAPC 2–10 [50]

1050 cGy Fr25/Lin− 20 [34]

900 cGy, GFP marrow 35 [33]

cardiotoxin or

bleomycin

G-CSF mobilization

this table is hard to read in its current form. Check that injury column correctly matches up with donor cell column.
NEED ABBREVIATIONS SPELLED OUT GFP = green fluorescent protein; MAPC = multipotent adult progenitor cells;
TBI/mdx = total body irradiation/muscular dystrophy; G-CSF = granulocyte colony-stimulating factor.

tissue cells. Variables that influence donor cell re-
placement of host tissue cells are outlined in Table 3.

The initial studies of Lagasse and colleagues [24],
which showed a cure of FAH- mice, were said to be

due to fusion. So why is fusion a limiting consid-
eration? Fusion is simply one of many means to an
end, and, in fact, it is model dependent. In studies
of liver cell repopulation, fusion is present in some

Table 2.2 Marrow to liver conversions.

Tissue Injury Cell source Conversion rate Ref.

Liver FAH− mouse Lin−Sca-1+c-kit+ 30–50% [24]

NTBC withdrawal Thy−1+ marrow cells liver mass

Rosa

Irradiated Rosa26 MAPC 5–8% [50]

marrow cells

Irradiation GFP marrow Small clusters [30]

hepatocytes, 0.07%

Irradiation, GFP marrow Hepatocytes present [27]

CCL4 or Retrosine

No injury, USSC cord blood 20% [63]*

Fetal sheep cell

Radiation Cre/lox Z/EG 0.05–0.1% [64]*

Mouse marrow

*Fusion ruled out as conversion mechanism.
Likewise, be sure injury and cell source columns match up correctly.
FAH = fumaryl acetoacetate hydroxylase; NTBC = 2-(2-nitro-4-trifluoromethyl benzoyl)-cyclohexane-1,3-
done; MAPC = multipotent adult progenitor cells; GFP = green fluorescent protein; USSC = unrestricted
somatic stem cells.
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Table 2.3 Variables influencing derivation of host tissue
cells from donor marrow.

Tissue injury—type, extent, and location

Cell dose

Timing of injury and infusion

Marrow mobilization

Stem cell population

Functional (cell cycle) state of marrow cell

Route of cell infusion—arterial, venous, or into tissue

Transplant regimen (dose and location of irradiation)

models and not the mechanism of repopulation in
others [65–70]. This holds true for other reports of
fusion as outlined in Tables 4 and 5.

Negative reports

The debate has been strongly influenced by negative
reports relating to stem cell plasticity. These reports
have claimed an inability to reproduce the work of
others, but in fact, in all but one notable case, the
studies have not attempted to reproduce the initial
work. In one of the most highlighted papers, Wagers
et al. [71] said that they had failed to reproduce the
studies of Krause et al. [34]. This statement was es-

sentially retracted later in a letter to Science [72]. In
that letter, Dr. Wagers and colleagues said, “Thus,
our data are not directly comparable to those of
Krause et al. and do not implicitly refute their ob-
servations.” In the not too distant past, a failure to
reproduce someone else’s work generally meant that
you had not done the studies correctly. We think this
is still the case, but somehow the negative studies
have been given more credence than the positive
studies, and some very marginal negative studies
have been published in our “top” journals. In any
case, only the Murry paper [43] on cardiac plastic-
ity appeared to truly try to reproduce the original
work of Orlic et al. [42] and failed to confirm their
observations.

These red herrings comprise the debate’s mantra.
In our recent perspective in Science, the editors
removed the following cartoon (see Figure 2.1) as
“nonconciliatory.” We think it summarizes things
nicely.

The continuum model

The above describes the heterogeneity of marrow
stem cells within the hematopoietic system and, as

Table 2.4 Fusion demonstrated in converted cells.

Tissue/cell Model/detection Ref.

Hepatocyte Fah+/+ from Fancc−/− into Fah −/− with NTBC [24]

withdrawal, 50% conversion rate.

Purified repopulating cells were heterozygous

Fah+/+ and Fanc−/−
Hepatocyte Fah+/+ from Rosa female marrow into male [65]

Fah−/−.

Cytogenetic analysis of LacZ+ marrow derived

hepatocytes—most with Y chromosome.

Karyotypes Fah+/+ 80XXXY or 120 XXXXYY.

Purkinje neuron GFP to adult mice and both donor and host nuclei [66]

found; the Purkinje neurons were stable heterokaryons.

Purkinje neuron, Used Cre/loz recombinase system to show that in marrow [67]

Cardiomyocyte, transplanted mice all detectable contributions of marrow

Hepatocyte to nonhematopoietic cell types arose through cell fusion.

Skeletal Murine cardiotoxin injury model male to female, female [28, 29]

to male or Rosa B-galactosidase to GFP muscle fibers

show both donor and recipient phenotypes. However,

mononuclear satellite cells with donor markers suggest

conversion to satellite cells occurs without fusion.

NTBC = 2-(2-nitro-4-trifluoromethyl benzoyl)-cyclohexane-1,3-done; GFP = green fluorescent pro-
tein.
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Table 2.5 Conversions without fusion.

Tissue/cell Model/detection Ref.

Pancreas Rosa–stop lox and GFP female hosts transplanted [46]

with insulin-dependent Cre-male marrow.

No GFP+ donor cells in islets.

Hepatocyte Human cord blood to irradiated NOD/SCID mouse. [68]

Human hepatocytes with positive protein and

chromosome markers, no mouse chromosomes.

Conversion rate 1–2%.

Hepatocyte Human cord blood (USSC) into fetal sheep without [63]

injury, 20% conversion rate. Microdissected human

hepatocytes had only human protein or PCR product.

Endothelial c-kit+ ,Sca-1+, Lin− into irradiated mouse; Donor [69]

endothelia in portal vein, normal ploidy; also cord

blood to mouse with new blood vessel formation in the

eye—no fusion.

Renal mesangial Male GFP marrow to male mice resulted in numerous [70]

cells GFP+ mesangial cells; none had >1 Y chromosome.

Epithelial cells into Cre/lox recombinase system. Transplant Z/EG marrow [64]

lungs, skin, and liver Cre expressing mice. No mice expressed GFP, indicating

that fusion had not occurred.

Skeletal Converted mononucleated satellite cells precede muscle [25]

fiber fusion.

GFP = green fluorescent protein; NOD-SCID = non-obese diabetic severe immune deficiency; USSC
= unrestricted somatic stem cells.

part of that inherent heterogeneity, their capacity
to differentiate into a broader range of cell types
and tissues other than just hematopoietic. There is
further elasticity of this system represented by shifts
in the phenotypes of marrow stem cells over time,
apparently linked to the phase of the cell cycle.

Any cell, of necessity, changes phenotype with
cell cycle transit, probably due to changes in chro-
matin/histone configuration [73–76] and the avail-
ability of various promoter regions for interactions
with transcription factors. The stem cell has gener-
ally been felt to be dormant or in G0. However, it

Transdifferentiation RobustClonal Fusion

Cell tissue restoration

Editor

Grant reviewer

Wise researcher

Confused academic

Figure 2.1 Red herrings in stem cell
plasticity. In fox hunting, drawing red
herrings across the path of the escaping
fox masks the scent of the fox and
confuses the hound dogs. Here, we show
the fox (stem cell tissue restoration)
escaping.
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has been shown that virtually every stem cell type,
with one exception, when evaluated as to cell cycle
status by such methods as tritiated thymidine label-
ing or suicide, hydroxyurea suicide, or propidium
labeling and flow analysis, has a small percentage
of their population in S phase, running at a rate of
3–5% [77–83]. This suggests that they are all prob-
ably in slow cycle or the entering and exiting cycle.
The one exception to this is the LRH stem cell [84],
which is separated on the basis of dormancy and
which generally has no cells in the S phase. How-
ever, this cell is easily induced into the cell cycle by in
vivo engraftment or in vitro exposure to cytokines
[85, 86]. Bradford and colleagues [87] used the LRH
cell to show that the most primitive stem cells were
cycling in vivo. They fed mice with BrdU via drink-
ing water, sacrificed them at different points in the
feeding schedule, isolated the LRH cells, and, using
anti-BrdU labeling, determined the percent of LRH
cells that were labeled. The latter, of course, would
indicate the percent of LRH cells that had entered
S phase during the feeding schedule. They found
that 60% of LRH cells were labeled by 4 weeks. We
confirmed these results [88], while Cheshire and
colleagues [82], using a different mouse strain and
stem cell separation, but the same basic model, also
confirmed the Bradford results, but with more rapid
kinetics. Thus, stem cells are a cycling cell popula-
tion. This is important for our understanding of the
significance of studies, which we will describe be-
low, showing that LRH cells demonstrate reversible
changes in phenotype with cycle transit.

We have established that murine marrow stem
cells show marked changes in short- and long-term
engraftment as they march through a cytokine stim-
ulated cell cycle [89, 90]. The cell cycle progression
of LRH murine stem cells has been mapped through
cell cycle transit under stimulation with two differ-
ent cytokine cocktails: either interleukin 3 (IL-3),
IL-11, IL-6, and steel factor [86] or thrombopoietin,
FLT3L, and steel factor. While the kinetics of cell cy-
cle passage differed between the cytokine regimes in
each case, engraftment capacity was markedly de-
creased in late S phase/early G2 and, subsequently,
recovered in the next cycle. We demonstrated that
there were marked and reversible shifts in engraft-
ment capacity when competitive engraftment was
assessed in a lethally irradiated mouse transplant
model, and these shifts could occur over 2–4-hour

time intervals. This was found whether whole mar-
row or purified LRH were tested at different points
in a cytokine culture. When mapping the cell cy-
cle of LRH cells under stimulation with IL-3, IL-6,
IL-11, and steel factor, there were essentially no cells
in S phase at isolation, there was a prolonged ini-
tial G0/G1 phase followed by entry into S phase at
about 18–20 hours and entry into mitosis at about
36–38 hours. Subsequently, the LRH cells exhibited
a tight synchrony through five additional cycles (the
cycle lengths were 12 hours). Analysis of these cy-
cles Lin-Sca-1+ cells showed that 15–20% of these
cells were in S phase at the time of isolation and that
completion of the first cell cycle was longer than that
with the other cytokine cocktail.

The reason for the changes in engraftment proba-
bly was based on changes of marrow homing. We es-
tablished a homing assay in which 200,000–250,000
Lin-Sca-1+ marrow stem cells were labeled with
CFSE, infused, and then recovered 3 hours later
from the marrow. Using this assay, we determined
that homing was markedly depressed at 48 hours,
a time when engraftment was also reversibly de-
pressed [91]. The homing defect was probably due
to cell-cycle-related changes in multiple homing
proteins, the most prominent being VLA-4 [92, 93]
and CXCR.

Further work indicated that progenitor levels also
fluctuated reversibly with the cell cycle and that
these levels correlated inversely with the levels of en-
graftable stem cells; we termed these changes stem
cell/progenitor cell inversions [94]. These changes
suggested that the progenitors as defined by various
in vitro assays might simply be functional variants
of the engraftable stem cells and not a differentiated
progeny of them.

In addition, we have used gene display (a nonbi-
ased approach) of purified LRH stem cells and of
lineage positive cells from the same starting popu-
lation and defined a total of 637 stem-cell-specific
mRNAs [90]. Since 411 of these were unknowns,
it was difficult to come to mechanistic conclusions,
but there was a dramatic shift in global gene ex-
pression at 48 hours of culture with IL-3, IL-6,
IL-11, and steel factor—a time at which both hom-
ing and engraftment were markedly depressed. In
addition, using real-time PCR, we have shown ma-
jor shifts of both hematopoietic transcription fac-
tors and hematopoietic cell surface markers with
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cycle transit. These shifts emphasized the variable
and continually changing nature of the stem cell,
associated with cell cycle transit.

These stem cell phenotypic shifts are consis-
tent with the continually changing opportunities
for transcriptional activation that would occur
with cycle transit. If this is the case, then differ-
entiation potential should also be changing and
that potential could hold for both hematopoietic
and nonhematopoietic stem cells. We tested this
proposition by evaluating the potential for LRH
cells to differentiate in response to the cytokines
granulocyte macrophage-colony stimulating factor
(GM-CSF), granulocyte-colony stimulating factor
(G-CSF) and steel factor, while transiting the cy-
cle under stimulation with thrombopoietin, FLT3L,
and steel factor (GA Colvin, PJ Quesenberry, un-
published observation, 2006), and we found that
there were points in the cell cycle in which granulo-
cyte or megakaryocyte differentiation was favored.
We referred to these as hot spots. The megakary-
ocyte hot spot occurred at the G1/S phase in-
terface, while the granulocyte hot spot occurred
at mid S phase. There were marked fluctuations
of macrophage differentiation in individual ex-
periments, but these were temporally inconsistent.
Overall, these data indicated that differentiation
into hematopoietic cells showed lability with cell
cycle passage. The plasticity of the marrow stem cell
tied to cell cycle transit within the hematopoietic
system is extensive and has led to a continuum the-
ory of hematopoietic regulation (see Table 6).

The above list is not inclusive of all time related
fluctuations in stem cell phenotype. The expression
of membrane extensions, which we have called pro-
teopods [95], vary over time, and we have demon-

Table 2.6 The cell-cycle-related shifting phenotype of the
marrow stem cell: the continuum.

Characteristics that show cell cycle related alterations

Engraftment—long- and short-term

Homing to marrow

Adhesion protein expression

Cytokine receptor expression

Cell surface marker and transcription factor

expression

Progenitor numbers and type

Hematopoietic differentiation

strated circadian rhythms for both engraftable stem
cells and progenitors—out of phase with each other
[96].

Given our discussion of stem cell plasticity
with regard to probable differentiation into non-
hematopoietic cells, it seemed likely that such dif-
ferentiation would also occur on a continuum. We
have used a model of GFP+ marrow transplanted
into lethally irradiated mice to assess whether dif-
ferentiation into lung cells varied at different points
in a cytokine stimulated cell cycle transit. We have,
in fact, found marked cycle-related fluctuations in
marrow donor lung cell derived GFP+ CD45− or
GFP+ cytokeratin+ cells, showing that marrow
stem cell production of nonhematopoietic cells also
occurs on a continuum. This is, in essence, plasticity
squared.

Globally, it would appear that marrow stem cells
have a continually changing capacity to produce dif-
ferent cell types, which will be expressed in the ap-
propriate environment. This is consistent with both
the phase-space model of Kirkland [97] and with
the “Within- tissue” model of Roeder and Loeffler
[98].

As yet, the mechanisms underlying the observed
plasticity of marrow stem cells remain to be defined.
Certainly, under certain circumstances of tissue in-
jury, fusion is an important component of the pro-
duction of substantial numbers of nonhematopoi-
etic cells by a donor marrow cell. However, this is
model dependent and in the case of skeletal mus-
cle, where fusion is a normal response to injury,
work by several groups suggests that donor cell ori-
gin of muscle satellite cells is not based on fusion.
There is no evidence of transdifferentiation, but
simple differentiation from highly potent marrow
stem cells placed in the right environment is a rea-
sonable probability.

There have been intriguing reports of changes
in marrow cell phenotype when a nonhematopoi-
etic tissue is cocultured across a cell impermeable
membrane from marrow cells [99]. This suggests a
diffusible factor mediating cell change. In our lab-
oratory, we have seen stem cells enter and exit stro-
mal cells, providing another potential mechanism
for transfer of information. The intriguing work by
Ratajczak and colleagues [100] showing cell vesicles
with high levels of mRNA as a possible vehicle for
the transfer of mRNA has been confirmed in our
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Figure 2.2 Continuum flow response model. (A) Synchronous HSC-LRH; (B) asynchronous HSC. HSC = hematopoietic stem
cells; LRH = rhodamine low Hoechst stem cells
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laboratory and provides another possible mecha-
nism for epigenetic change.

Summary

A global model summarizing our cell cycle stud-
ies is presented in Figures 2A and 2B. Here, we
speculate that as the stem cell progresses through
the cell cycle, with alternate changes in chromatin–
histone configurations, different promoter regions
are accessible to their transcription factors. When
induced transcription factors bind the appropri-
ate promoter, terminal differentiating inducers can
then act to direct a specific differentiation pathway,
either hematopoietic or nonhematopoietic. Deliv-
ery of mRNA into the cell could also be a mediator
of epigenetic change that could then be differen-
tially expressed as the stem cell progresses through
the cell cycle. Figure 2A presents the situation when
synchronized stem cells are considered, such as in
our model of cytokine-stimulated LRH cells. Fig-
ure 2B presents the same concepts in the context of
nonsynchronized marrow stem cells.
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3 CHAPTER 3

Embryonic stem cells
and cardiogenesis

Timothy J. Kamp, MD, PhD, & Gary E. Lyons, PhD

Introduction

The isolation of human embryonic stem cells
(hESCs) has engendered great excitement and in-
terest in the possibility of an unlimited supply of
human cells that could be used in the treatment of
a wide range of degenerative diseases. Therapeu-
tic applications employing hESCs to treat a variety
of different forms of heart disease are under ac-
tive preclinical investigation. ESCs have potential
advantages as well as disadvantages compared to
other cell sources being tested for cardiac repair.
The purpose of this chapter is to describe the bio-
logical properties of ESCs and the ability of these
cells to undergo cardiogenesis in vitro. In so doing,
the chapter will provide the essential background
for appreciating the potential opportunities for car-
diac cell therapies using hESCs, as well as describe in
vitro approaches to overcome some of the barriers
to the clinical uses of hESCs.

Discovery and definition of
embryonic stem cells

In the 1970s, a cell culture system was sought for
studies of early mammalian embryonic develop-
ment. It was known that postimplantation embryos
contained pluripotent cells, but attempts to culture
these cells initially failed. Cell lines such as F9, which
were derived from teratocarcinomas, were used to
study embryo development in vitro. Research on
these embryonal carcinoma (EC) cell lines estab-
lished many of the methods that would later be used
in the isolation of ESC lines from mice.

Mouse embryonic stem cells (mESCs) were first
isolated from the inner cell mass cells of blasto-
cyst stage embryos in 1981 (Figure 3.1). These cells
are distinct from EC cells, which have undergone
transformation and karyotypic changes. ESCs have
an unlimited capacity for self-renewal, have telom-
erase activity, and express the nuclear proteins Oct4
and Nanog, which define ESC identity. mESCs re-
quire the leukemia inhibitory factor (LIF)/STAT3
signaling pathway to remain pluripotent in vitro and
can be grown on feeder layers of mouse embryo fi-
broblasts or cell lines that express LIF, such as STO
(ATCC, American type culture collection). Alter-
natively, mESCs can be propagated without feeders
with the addition of LIF to the media. Importantly,
mESCs are pluripotent, as originally demonstrated
by injection of these cells into mouse blastocysts
to produce chimeric mice with mESCs contribut-
ing to all cell lineages in vivo except the trophoblast
lineage (Figure 3.1). The ability to form germ line
chimeras with genetically modified mESCs pro-
vided a major advance in biomedical research by
enabling genetic engineering in mice. In addition,
pluripotency of mESCs was supported by forma-
tion of embryoid bodies (EBs) in vitro and by for-
mation of teratomas following injection of mESCs
into immunocompromised rats. Both EBs and ter-
atomas contain derivatives of all three primary germ
layers.

With the isolation of mESCs, there was great
enthusiasm and interest in deriving ESCs from
other species including humans, but this proved
more difficult than was originally anticipated. It was
not until the mid-1990s that ESCs were success-
fully isolated from nonhuman primates: marmoset
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Figure 3.1 Derivation and initial characterization of
mouse embryonic stem cells. Fertilization of the oocyte by
a sperm produces the zygote, which sequentially divides
and forms the blastocyst. The inner cell mass of the
blastocyst contains the pluripotent cells (blastomeres)
destined to form all tissues of the mouse. The blastomeres

can be immunoisolated and cultured under special
conditions, producing embryonic stem cells (ESCs). The
remarkable pluripotency of ESCs can be demonstrated by
in vitro embryoid body (EB) formation, teratoma
formation, or most rigorously by germ line transmission in
chimeric mice.

and rhesus monkeys [1]. On the basis of advances
made in the isolation of nonhuman primate ESCs,
Thomson and colleagues succeeded in 1998 in iso-
lating hESCs from donated surplus in vitro fertil-
ization embryos [2].

Like mESCs, hESCs express Oct4 and Nanog and
have telomerase activity. They exhibit self-renewal
and proliferate indefinitely while maintaining a
normal karyotype. The first hESC lines required a
feeder layer of mouse embryo fibroblasts to be main-
tained in a pluripotent state [2], but now hESCs
can be derived and maintained in chemically de-
fined medium without feeder layers [3, 4]. hESCs
have been demonstrated to be pluripotent by injec-
tion into immunocompromised rats, resulting in
the formation of teratomas containing derivatives
of all three primary germ layers. In vitro differentia-
tion protocols have also confirmed the pluripotent
nature of hESCs as described below.

hESCs exhibit several differences from mESCs.
hESCs display a number of different cell surface

markers and have different growth factor require-
ments. For example, mouse lines can be maintained
in a pluripotent state using LIF. In human lines, LIF
is not effective, but basic fibroblast growth factor is
required. mESCs double every 8–15 hours, whereas
hESCs double every 25–30 hours.

To place ESCs into perspective, it is important
to compare them to adult stem cells (ASCs; Ta-
ble 3.1). ASCs are found in the bone marrow, in
the peripheral circulation, or in organs and tissues
and differ from ESCs in that they are multipotent
but not pluripotent. ASCs are less accessible, pro-
liferate less, undergo senescence related to the age
of the donor, and are generally more difficult to
propagate in tissue culture. However, for regener-
ative medicine applications, the potential advan-
tages of ASCs include the possibility of autologous
transplantation to avoid immune rejection. The risk
of tumorigenicity may be lower for ASCs compared
to ESCs. There are minimal ethical/policy concerns
with ASC therapy. There are other sources of stem
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Table 3.1 Comparison of adult stem cells and embryonic stem cells.

Embryonic Adult

Source Human blastocyst/embryo Adult tissue

Proliferation Unlimited in theory Limited

Plasticity Pluripotent Multipotent

Tumorigenicity Concern, teratomas Less likely

Immunogenicity Yes for allogeneic Yes, but autologous

Ethical/public policy Major debate Minimal controversy

Efficacy for therapy Unknown Unknown

Cost of therapy Unknown Unknown

cells that do not neatly fit into the adult and em-
bryonic dichotomy, such as umbilical-cord-blood-
derived or testicular stem cells, but these will not
be described except to state that their properties are
generally intermediate between ASCs and ESCs.

Cardiac development

Because the differentiation of ESCs into cardiomy-
ocytes in vitro or after transplantation follows the
normal developmental program of cardiogenesis,
it is useful to briefly review normal cardiac devel-
opment. Early in vertebrate development, during
the process of gastrulation, the three primary germ
layers form in the embryo: endoderm, mesoderm,
and ectoderm. Mesoderm gives rise to most of the
cells in the mammalian heart. Cardiac progenitors
form a structure called the cardiac crescent. En-
dodermal cells that underlie the cardiac crescent
secrete inductive growth factor signals that have
a positive role in initiating cardiogenesis. Among
these signaling molecules are Notch1, bone mor-
phogenetic protein2, Noggin, transforming growth
factor-ß, Wnt11, Nodal, and fibroblast growth fac-
tor. In contrast, overlying ectoderm and the neural
plate express signaling molecules such as Wnt1 and
Wnt3A that inhibit cardiogenesis in adjacent meso-
derm. Thus, integrated positive and negative sig-
naling molecules promote cardiogenesis localized
specifically in the cardiac crescent [5].

The cardiac crescent then merges at the midline
to form the heart as a simple tube that is composed
of spontaneously contracting cardiomyocytes lined
by endocardium. As the heart undergoes a com-
plex morphogenesis, distinct myocyte types begin
to appear: atrial, ventricular, and sinus-nodal cells.

Purkinje cells arise as a result of inductive signal-
ing from adjacent endothelial cells. Intercellular sig-
naling from the endocardium and later from the
epicardium plays an important role in the differ-
entiation and maturation of the distinct types of
cardiomyocytes [6].

mESC cardiac differentiation
in vitro

In vitro differentiation of mESCs into cardiomy-
ocytes was originally described using an initial ag-
gregation step to form structures referred to as EBs
[7]. Differentiated (cystic) EBs include derivatives
of all three primary germ layers and can form spe-
cialized cell types such as cardiomyocytes and other
cell types present in the heart, including endothe-
lial cells and vascular smooth muscle cells [8]. The
EB system enables inductive signaling, essential for
cardiogenesis to occur; however, there is substantial
variability among EBs and only a fraction exhibit
cardiogenesis.

Cardiomyocyte differentiation in vitro from
mESCs occurs in a stepwise fashion, using the EB
model (Figure 3.2). There are multiple signaling
molecules driving differentiation as those described
for embryonic cardiac development, and these re-
sult in dramatic changes in cellular phenotype re-
flected by changes in the expression of hundreds or
thousands of genes during the process. Although
remarkable progress has been made in identify-
ing many of the critical molecules, we are only at
the beginning of unraveling this complex process.
Therefore, we will highlight one model of cardio-
genesis, indicating some of the most-studied mark-
ers for the process, with the acknowledgment that
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this model is not uniformly accepted and the de-
tails will continue to mature. The process starts
with mESCs in EBs beginning to differentiate down
the mesodermal pathway, indicated by expression
of the transcription factor Brachyury. By day 3
of differentiation, the Brachyury positive cells be-
gin to express the surface tyrosine kinase receptor
Flk-1(mouse)/KDR(human), which has been sug-
gested to indicate a population of cardioheman-
gioblasts, that ultimately can give rise to blood, en-
dothelial cells, smooth muscle, skeletal myocytes,
and cardiomyocytes [9, 10]. Some cardioheman-
gioblasts can commit to blood and endothelial
fates as hemangioblasts indicated by the expression
of Brachyury along with Scl (a basic helix-loop-
helix transcription factor) and Flk-1. The heman-
gioblast can form blast colonies and can give rise
to hematopoiesis as well as endothelial cells. Car-
diohemangioblasts can also commit to the cardiac
lineage, forming a cardioprogenitor around day 6
and then differentiate further into functional car-
diomyocytes, which express the transcription fac-
tors Nkx2.5 and GATA-4. Likewise, cardioheman-

gioblasts can give rise to smooth muscle cells. There-
fore, the cardiohemangioblast represents a commit-
ted cell type that can give rise to all of the major cell
types present in the heart and may represent an
appealing cell population to be used in cardiac cel-
lular therapy. Cell surface markers for many of these
subpopulations, such as the cardiohemangioblast,
cardioprogenitor cells, and cardiomyocytes, are not
well defined and are currently a main focus of re-
search on cardiomyocyte differentiation in vitro.
Identifying cell surface marker proteins will con-
tribute to the long-term ability to identify and pu-
rify different populations of cardiac progenitor cells
in order to refine myocardial cell therapy applica-
tions to use the safest and most effective donor cell
populations.

The cardiomyocytes obtained from mESCs have
been identified and characterized using gene expres-
sion studies, immunohistochemistry for cardiac-
specific proteins, ultrastructure analysis, and func-
tional studies evaluating the contractile and
electrophysiological properties of the cells [8]. Four
distinct types of cardiomyocytes have been
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Figure 3.2 Schematic diagram of differentiation of mouse
embryonic stem cells (mESCs) in embryoid bodies (EBs)
down the mesodermal pathway and relevant
cardiovascular cell lineages. The diagram presents a
relative time course for differentiation in EBs, with day 0

being the day of formation of the EB. The relevant cell
types are indicated with key marker proteins beneath. In
italics are transcription factors that help define the cell
lineage and in bold italics are cell surface marker
proteins.
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observed, including nodal-like, ventricular-like,
atrial-like, and Purkinje-like myocytes. The car-
diomyocytes mature during time in culture from
primitive, small, spherical cells with poorly orga-
nized myofilament to more elongated flat cells with
well-organized bundles of myofilaments. Although
the EB system using mESCs has provided a reli-
able methodology to obtain cardiomyocytes, it is
largely inefficient with the cardiomyocytes forming
a minority (5–20%) of the cells present and with
EBs showing a variety of different cardiomyocyte
types.

Inductive coculture and growth factors
to enhance cardiogenesis in EBs
Researchers focused on improving the reproducibil-
ity and efficiency of obtaining cardiomyocytes from
mESCs have explored a number of different ap-
proaches. Because inductive signaling is critical for
in vivo cardiogenesis [11], investigators have stud-
ied the impact of coculture of EBs from mESCs
with explanted avian precardiac endoderm [12].
This labor-intensive approach resulted in a remark-
able increase in the efficiency of obtaining beating
EBs. If a combination of chick precardiac endoderm
and mesoderm was used for coculture, all of the
EBs of the selected size were contractile, with an
average of 86% of the cells being cardiomyocytes
[12]. This remarkable enhancement in the success
of obtaining cardiomyocytes from EBs indicates
that there is promise for developing highly efficient
protocols; however, the laborious microdissection
of chick embryos limits the widespread applicabil-
ity of this approach. Ideally, the critical signaling
molecules released by the avian precardiac endo-
derm and mesoderm, which are responsible for in-
duction of cardiac differentiation, will be defined
and used in future approaches.

Isolation or selection of
cardiomyocytes from EBs
Because cardiogenesis in EBs with most protocols
has been inefficient, methods to enrich or iso-
late cardiomyocytes from EBs have been devel-
oped. Pioneering work by Field and colleagues de-
scribed the use of genetically engineered mESCs
containing a transgenic cardiac-specific promoter
(alpha-myosin heavy chain [α-MHC]) driving the
expression of an antibiotic resistance gene (amino-

glycoside phosphotransferase) to select cardiomy-
ocytes differentiating in vitro from mESCs [13]. By
exposing the differentiating EBs to neomycin, this
study was able to demonstrate an enrichment of
the cells to more than 99% cardiomyocytes. This
approach using the α-MHC-neomycin resistance
targeted mESC has been extrapolated to proto-
cols generating large numbers of cardiomyocytes in
bioreactors (∼109 cardiomyocytes/2 L bioreactor)
[14]. But it is critical to appreciate that a range of
cellular phenotypes have been identified in the iso-
lated cells, including atrial, nodal, and ventricular
myocytes, which was anticipated on the basis of the
fact that the promoters used in these studies are ac-
tive throughout the heart. To obtain ventricular my-
ocytes specifically, two groups have created genet-
ically engineered mESC lines containing reporter
genes driven by the rat myosin light chain 2v pro-
moter to obtain ventricular-specific expression of
ECFP (enhanced cyan fluorescent protein) or EGFP
(enhanced green fluorescent protein) in differenti-
ating mESCs [15, 16]. These studies in mESCs have
proven the potential utility of using genetically en-
gineered cell lines with cell-type-specific reporters
or antibiotic resistance genes to obtain more homo-
geneous populations of cardiomyocytes.

Directed cardiac differentiation of
mESCs using small molecules
A number of different signaling molecules linked
to cardiogenesis have been tested for their ability to
enhance cardiac differentiation of mESCs in EBs.
Given the critical role of BMP signaling in cardiac
development [5], agonists and antagonists for this
signaling pathway have been studied. Initially, in-
vestigations tested the ability of BMP2 and TGF-
β to prime mESCs prior to differentiation in EBs
[17]. BMP2 alone and TGF-β alone both resulted
in a greater percentage of EBs that were sponta-
neously beating as well as larger areas of the EBs con-
taining beating cells [17]. However, a more recent
study failed to identify a cardiac inductive effect of
“priming” mESCs with BMP2 or BMP4, and these
investigators instead suggested that a critically
timed inhibition of BMP signaling with its antag-
onist, Noggin, could dramatically enhance cardiac
differentiation [18]. Noggin administration to the
undifferentiated mESCs at days 3 through day 0
(the day of EB formation) optimally stimulated

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


30 PART I Stem cell biology

cardiogenesis and resulted in 95% of the EBs
exhibiting spontaneous contractions and a 100-
fold increase in the number of cardiomyocytes
[18]. These results highlight the powerful role of
BMP signaling in cardiogenesis, but also point to
the dynamic nature of this signaling and poten-
tially different role of BMP signaling in meso-
dermal induction, cardiac commitment, and car-
diac differentiation. Studies of other signaling
molecules including insulin-like growth factor-1
(IGF-1), FGF, oxytocin, erythropoietin, nitric ox-
ide, and retinoic acid have demonstrated some
increase in efficiency of generation of cardiomy-
ocytes from EBs [8], but the effects were rela-
tively meager compared to the recent study using
Noggin [18].

An alternative approach to enhancing differenti-
ation of cardiomyocytes from ESCs has used high
throughput screening of large chemical libraries of
small molecules. The goal is to identify a synthetic
small molecule that can act on critical signaling and
regulatory molecules to efficiently induce cardio-
genesis. These studies have used undifferentiated
mESCs that are exposed to the chemical compounds
without forming EBs. The first successful screen
used a library of 880 compounds approved for clin-
ical use in humans, which were tested on CGR8
mESCs expressing the α-MHC promoter driving
EGFP [19]. This study identified a single com-
pound, ascorbic acid (vitamin C), as strongly pro-
moting cardiogenesis. There was a dose-dependent
effect, but the exact percentage of cardiomyocytes
was not provided. Another small molecule screen
of 100,000 heterocyclic molecules identified cardio-
genols as powerful compounds that can induce car-
diogenesis [20]. In this study more than 50% of the
cells stained positive for the myofilament protein
MHC, and 90% expressed the cardiac transcrip-
tion factor GATA-4. Therefore, small molecules may
provide a very powerful tool to directly induce car-
diac differentiation from mESCs, but the mecha-
nisms involved as well as the reproducibility have
not been defined.

In summary, research using mESCs has clearly
demonstrated that ESCs can differentiate in vitro
into functional cardiomyocytes. The most common
method of inducing cardiogenesis has been to uti-
lize the formation of EBs, but this process is rela-

tively inefficient and is associated with significant
variability. Efforts to optimize the process by test-
ing specific growth factors, cocultures, and small
molecules have identified promising leads to make
the process efficient. Nevertheless, the results for
most of the growth factors and other tested strate-
gies have not been confirmed by multiple laborato-
ries. Many difficult-to-define variables remain, such
as the effects of serum components in all of the
protocols, differences between the various cell lines
used, and the influence of passage number. In the
long-term, a combination of growth factors added
at specific concentrations in a sequential pattern in
defined media are likely to result in the most ef-
ficient protocols to generate cardiomyocytes from
ESCs.

ESCs and cardiac differentiation

Multiple hESC lines have been shown to differenti-
ate into cardiomyocytes by laboratories around the
world [21–23]. However, the efficiency of gener-
ating human cardiomyocytes from hESCs and the
procedures remain relatively crude compared to
the state-of-the-art use of mESCs for cardiogen-
esis. This reflects the relatively recent isolation of
hESCs compared to mESCs and the greater diffi-
culty in culture and maintenance of hESCs as well
as the restricted availability of hESCs to investigators
around the world because of public policy. In addi-
tion, direct extrapolation of the results from mESCs
to hESCs may not immediately succeed as initial
studies of BMP-2, dimethylsulfoxide, and retinoic
acid have not reproduced the apparent successes
observed with induction of cardiogenesis in mESCs
[21]. Nevertheless, research in this area is rapidly ex-
panding, and significant advances are anticipated in
the near future.

Approaches to induce cardiogenesis
from hESCs
Induction of cardiogenesis from hESCs has most
commonly been performed using EB formation
similar to the description for mESCs. The three-
dimensional EBs generate all three primary germ
layers and provide the critical signaling environ-
ment, enabling differentiation of mesodermal cells
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into cardiomyocytes. However, there are several
differences in the techniques employed for EB for-
mation for hESCs compared to mESCs. hESCs do
not survive well if enzymatically isolated to sin-
gle cells and therefore the hanging drop technique
popular with mESC EB formation cannot be read-
ily used. Instead the hESC colonies are lightly di-
gested, frequently with dispase, for aggregates of
about 4000 cells, which then are maintained in sus-
pension culture with EB differentiation media, to
begin the induction of cardiogenesis. After 4 days,
the EBs are plated, and after a total of approximately
8–10 days, spontaneously contracting regions of
the EBs are first observed, signifying the presence
of differentiating cardiomyocytes. Over the subse-
quent 10 days, additional contracting areas arise,
and the EBs can be maintained in culture for weeks
to months as beating EBs.

An alternative method to induce cardiogenesis
of hESCs has employed coculture with visceral-
endoderm mouse END-2 cells. The secreted signal-
ing molecules provided by the END-2 cells presum-
ably mimic the signaling process that occurs during
normal mammalian heart development as the vis-
ceral endoderm induces the precardiac mesoderm.
Efforts at directed differentiation using defined me-
dia without coculture are just beginning [4].

Types and properties of
hESC-cardiomyocytes
Unlike many cell types that differentiate from
hESCs, cardiomyocytes are readily apparent in cul-
ture upon simple inspection, revealing sponta-
neously contracting cells. The presence of con-
tracting cells provides functional evidence that
many of the critical cardiomyocyte-specific pro-
teins are expressed and are functioning appropri-
ately. This has been verified by gene expression stud-
ies and by immunolabeling to detect the presence
of cardiomyocyte-specific proteins including car-
diac troponin-I, atrial natriuretic factor, and others.
Electron microscopy has demonstrated varying ex-
tents of myofibrillar organization in the developing
cardiomyocytes. Characterization of the electrical
properties of the cells, using cellular electrophysi-
ology techniques, has provided functional evidence
that the hESCs can differentiate into at least three
major different types of cardiomyocytes present in

the heart—atrial, ventricular, and nodal cells [23,
24]. These conclusions are based on the distinct
action potential signature for these different cell
types. However, the electrophysiological properties
of the hESC-cardiomyocytes (hESC-CMs) charac-
terized from 40 to 90 days of culture are those of
embryonic human cardiomyocytes based on more
depolarized maximum diastolic potential and slow
action potential upstrokes for atrial and ventricu-
lar action potentials [23]. Furthermore, the proper-
ties of Ca2+cycling in the hESC-CMs studied up to
55 days after differentiation are typical of embryonic
mammalian cardiac muscle with influx of extracel-
lular Ca2+ driving contraction and little, if any, re-
lease of intracellular Ca2+ stores with each cardiac
cycle [25]. Thus, it is clear that hESCs can differenti-
ate into multiple different types of cardiomyocytes,
but currently available techniques have only pro-
duced cardiomyocytes exhibiting embryonic phe-
notypes. The different types of hESC-CMs arise
spontaneously in cultures and are not yet able to be
isolated as cell-type-specific populations. Ongoing
research is focusing on obtaining pure populations
of cell-type-specific hESC-CMs at various stages of
maturity.

ESC biology and clinical
roadblocks

Immunologic rejection
As is the case for solid organ transplantation,
immune-mediated rejection represents a major
challenge for transplantation of allogeneic cells de-
rived from hESCs. Because somatic cells derived
from hESCs are anticipated to express major his-
tocompatibility complex antigens, it is predictable
that mismatches between donor and recipient will
result in immune-mediated destruction of trans-
planted cells or tissues. Therefore, it is likely that
approaches similar to those used in solid organ
transplantation could lead to successful allograft-
ing. This would involve human leukocyte antigen
(HLA) matching in combination with immuno-
suppressive therapies. The number of hESC lines
needed for such an approach is actively being con-
sidered in the strategic planning of stem cell banks.
It was recently estimated that 150 consecutive hESC
donors would provide a full HLA-A, HLA-B, and
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HLA-DR match for a minority (<20%) of recip-
ients, but an HLA-DR match for 85% of recipi-
ents, which may be adequate for successful allografts
[26]. Thus, there is some feasibility to this approach,
but the same problems that plague patients on
immunosuppression for solid organ transplants
likely would occur in cell transplant recipients, such
as increased risks for infection and malignancy.
Therefore, alternative strategies to overcome im-
mune rejection for hESC-derived transplants are
under active investigation.

The ability to manipulate hESCs in culture prior
to transplantation holds great promise for devel-
oping new strategies to overcome rejection, which
are not readily available for solid organ transplanta-
tion. The manipulation in culture could be as sim-
ple as developing distinct cells types from the same
hESC line that would be used for therapy and induc-
tion of tolerance. For example, hESC-CMs could
be transplanted into the heart and hESC-derived
hematopoietic stem cells or dendritic cells could be
transplanted to induce tolerance. This chimerism
approach has already shown some promise in an-
imal models of transplantation [27]. Alternatively,
the hESCs could be genetically manipulated in a
number of ways that may impact their immuno-
genicity. For example, the cells could be engineered
to overexpress immunosuppressive cytokines, or
alternatively, the cells could have the genes en-
coding major histocompatibility antigens knocked
out, which theoretically could develop a “univer-
sal” donor cell phenotype. However, these genet-
ically engineered hESC lines are hypothetical at
this time and will likely require extensive effort to
advance.

A final prospect that has garnered great atten-
tion is the possibility of somatic cell nuclear transfer
technology or therapeutic cloning to develop hESC
lines specific for individual patients. Theoretically,
the newly derived ESC line and recipient would be
genetically and immunologically matched. No im-
munosuppression would be needed for such an “au-
tologous” transplant. Proof of principle of this ap-
proach came in 2001 with the generation of new
mESC lines using transfer of somatic cell nuclei
[28]. However, the ability to successfully perform
somatic cell nuclear transfer with human cells has
not yet been clearly demonstrated and represents
a continuing challenge. The inefficiency and tech-

nical difficulty using this technique to produce in-
dividualized hESC lines for each patient makes this
approach economically and practically unfeasible at
the present time.

Safety
To use hESCs in therapeutic applications requires
careful consideration of the safety of this type
of therapy. There are at least three major safety
considerations that need special attention: risk
of infectious complications, risk of tumorigene-
sis, and tissue-type-specific adverse outcomes such
as proarrhythmic effects. To minimize and ideally
eliminate these results, a variety of different ap-
proaches are under consideration.

Infection
Developing cellular therapies requires that the pro-
duction of the donor cells strictly follow good
manufacturing practices to avoid or minimize the
chance of transmission of infectious agents. These
guidelines are mandated by the Food and Drug
Administration, which must approve cardiac cel-
lular therapies in the United States. In addition to
the routine precautions against contamination dur-
ing cell processing, hESCs bring additional chal-
lenges for safety, given the procedures for derivation
and maintenance of these cells. There is significant
concern regarding the possibility of transmitting
pathogens from other animal species to the recip-
ient patients (zoonoses). Potential zoonoses could
result from exposure of the hESCs to animal prod-
ucts during derivation and culture. The key ex-
amples of animal products include animal serum
used in culture and mouse embryonic fibroblasts
for feeder layers. Essentially all of the initially de-
rived hESCs lines were exposed to animal products
and thus have this potential problem. Although it is
possible to remove existing lines from mouse feeder
layers and rigorously evaluate them to exclude po-
tential pathogens, it seems likely that newly derived
hESC lines that have not been exposed to animal
products will be preferable for therapy. These cell
lines can be grown on human feeder layers, or as
recently demonstrated, without feeder layers us-
ing defined media [3, 4]. Once the possibility of
zoonoses is eliminated, the procedures for cell pro-
cessing to avoid infectious agents are well defined
and in widespread use for processing a variety of
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cells used in therapy such as standard operating pro-
tocols for bone marrow processing.

Tumorigenesis
The formation of tumors from transplanted cells
is a major potential adverse outcome from cellular
therapies. Undifferentiated hESCs are a particular
concern because they have been demonstrated to be
capable of teratoma formation when transplanted
into immunocompromised animals. However, in
assessing the potential risk of this outcome, ter-
atomas are generally benign tumors that can be suc-
cessfully treated in most cases. This is in distinction
to highly malignant teratocarcinomas that can arise
from transplantation of EC cells. To our knowledge,
no cases of teratocarcinomas have been described
to result from ESC transplantation. Nevertheless, a
variety of strategies to minimize the risk of tumori-
genesis are under active investigation, using in vitro
manipulation of the hESCs. For example, differen-
tiation in vitro of hESCs to a committed cardiac pro-
genitor may result in a cell population that is effec-
tive for therapy but does not possess the risk for tu-
morigenesis. Alternatively, genetically engineering
hESCs with a gene that will allow targeted killing of
tumorigenic cells is under investigation. Such poi-
son pill strategies could provide a safety feature to
guard against tumorigenesis. Finally, it is important
to realize that any cell source passaged extensively
in culture is at risk for acquiring genetic and kary-
otypic abnormalities, which can transform the cells
into a malignant phenotype. Extensive analysis of
the hESCs prior to clinical use will need to exclude
karyotypic abnormalities or transformation of the
cells. However, of the stem cells currently described,
ESCs have demonstrated the greatest karyotypic sta-
bility. Thus, the risk of tumorigenesis is a significant
consideration for therapies with hESCs, but it is also
critical to consider this risk with other cell popula-
tions that have been maintained in culture prior to
transplantation.

Tissue-specific adverse events
Transplantation of cells into a diseased or dam-
aged tissue can sometimes cause tissue-specific ad-
verse effects. The most commonly cited example
for heart-directed therapies is the possibility of cell
transplantation being proarrhythmic. Conceptu-
ally, transplantation of the cells into the heart could

contribute to multiple mechanisms of arrhythmia
generation, including formation of abnormal sites
of pacemaking (abnormal automaticity), abnor-
malities of conduction leading to reentry, or in-
duction of triggered arrhythmias. Thus, strategies
to ensure the proper electrical integration of the
transplanted cells as well as ensuring the proper
electrophysiological properties of the donor cells
are essential. At this stage, our knowledge of this
actual risk is limited, and so strategies to combat it
have not been significantly developed at the cellular
level. However, at the whole organ level in patient
trials with some cell types, this risk is addressed by
concurrent placement of an implantable cardiode-
fibrillator to treat the problem if it arises.

Ethics and public policy
A final roadblock to the progress using hESCs for
cellular therapies is related to the evolving public
policy in many countries. Because of their unique
source from a human embryo, hESCs raise impor-
tant ethical concerns. These concerns are related to
the most basic definitions of life and have led to a
wide diversity of opinions. However, theologians,
ethicists, scientists, and policymakers are moving
forward in developing guidelines for the ethical cre-
ation and use of hESCs, such as the recent National
Academies of Science Guidelines [29]. Neverthe-
less, there are significant restrictions on research us-
ing hESCs, including complete prohibition in some
countries, and in the United States, approval for
federally funded research using only lines derived
before August 9, 2001. The policies are anticipated
to continue to evolve, as society gains a better un-
derstanding of these cells and as the science con-
tinues to advance. For example, the possibility of
removing an inner cell mass cell (blastomere) with-
out destroying the viability of the embryo has been
successful in deriving new mESC lines [30]. Such
an approach may overcome some concerns about
embryo loss in derivation of ESCs.

Conclusions and future directions

ESCs are derived from the inner cell mass of in
vitro fertilized embryos and represent an exciting
and potentially powerful cell source for cardiac re-
pair and regeneration. hESCs exhibit the capacity to
undergo self-renewal and expansion for potentially
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unlimited supplies of human cells, in contrast to
adult stem cell sources. Cardiac differentiation of
hESCs in vitro can result in the formation of multi-
ple distinct types of cardiomyocytes similar to those
present in the normal embryonic human heart.
Strategies to optimize the efficiency of hESC car-
diogenesis are still being developed with multiple
potential insights provided by prior studies using
mESCs. hESCs can differentiate into cardiac pro-
genitor cells as well as all of the cell types present
in the normal heart, including cardiomyocytes, en-
dothelial cells, and vascular smooth muscle cells.
Thus, the pluripotent properties of hESCs may en-
able them or their derivatives to provide more com-
plete cardiac repair or regeneration compared to
some other cell types. However, a number of road-
blocks remain before clinical applications using
hESCs or their derivatives can be safely tested for the
treatment of heart disease. Strategies to overcome
immune rejection, avoid infectious complications,
and minimize the risk of tumorigenesis are under
active investigation. As public policy evolves, it is
likely that hESCs will increasingly be studied and
ultimately tested in clinical applications for myocar-
dial repair.
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Keiichi Fukuda, MD, PhD, Jun Fujita, MD, PhD, Daihiko
Hakuno, MD, PhD, & Shinji Makino, MD, PhD

Introduction

Although heart transplantation is currently the ul-
timate therapy for the treatment of severe heart fail-
ure, it is not widely used because of an inadequate
supply of donor hearts. As a result, an approach be-
ing investigated is the possibility of reversing pump
failure by cell transplantation or enhancement of
natural regenerative processes. Recent experimen-
tal studies have shown that transplanted fetal car-
diomyocytes can survive in heart scar tissue and that
the transplanted cells have the ability to limit scar ex-
pansion and to prevent postinfarction heart failure.
As a result of these observations, transplantation
of cultured cardiomyocytes into the damaged my-
ocardium has been proposed as a method for treat-
ing heart failure [1, 2]. This revolutionary concept
remains unfeasible in the clinical setting because of
the difficulty in obtaining donor fetal hearts. For
this reason, the research focus has shifted to the de-
velopment of a cardiomyogenic cell line with the
capacity of substituting for fetal cardiomyocytes.

Various studies have demonstrated that car-
diomyocytes can differentiate from multipotent
stem cells (SCs) such as embryonic stem cells (ESCs)
[3] and embryonic carcinoma cells [4]. ESCs are an
attractive source of progenitor cells for organ regen-
eration and repair. However, transplanted ESCs are
allogeneic, and so recipients must take immunode-
pressant drugs throughout their lives, which can
impact unfavorably on their quality of life. An-
other disadvantage of ESC transplantation therapy
is the potential development of teratocarcinomas

from transplanted undifferentiated ESCs. In addi-
tion, the establishment of human ESCs poses ethical
problems, and research with these cells is banned
in certain countries. As a result, studies are be-
ing done looking at regeneration of cardiomyocytes
from adult autologous SCs.

Recent reports have demonstrated the existence
of pluripotent SCs in adult tissues. Roy et al. repor-
ted the existence of neural SCs in the brain with the
capacity to differentiate into neurons, oligodendro-
cytes, and astrocytes in vitro [5]. Marrow stromal
cells possess many characteristics of mesenchymal
stem cells (MSCs) [6], and pluripotent progenitor
marrow stromal cells can differentiate into vari-
ous cell types including osteoblasts [7, 8], myocytes
[9], adipocytes, tenocytes, and chondroblasts [10].
Our research group recently reported the differen-
tiation of MSCs into cardiomyocytes after exposure
of the MSCs to 5-azacytidine, with the subsequent
establishment of a cardiomyogenic cell line that can
differentiate into cardiomyocytes in vitro [11]. Car-
diomyogenic cells have been shown to exhibit spon-
taneous beating and to express both atrial natri-
uretic peptide and brain natriuretic peptide, and
may therefore provide a useful and powerful tool for
cardiomyocyte transplantation after further charac-
terization of their cardiomyocyte phenotype.

This chapter describes the characteristics of bone
marrow (BM)-derived regenerated cardiomyocytes
and discusses the potential applications of these
cells in cardiovascular tissue engineering. The ex-
pression and function of adrenergic and muscarinic
receptors in cardiomyogenic cells is also described,
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as these receptors play a critical role in modulating
cardiac function [12].

Bone marrow mesenchymal
marrow stem cells as a source
of cardiomyocytes

BM stromal cells have been used as a feeder layer
to culture hematopoietic stem cells (HSCs), and are
also known to be of mesodermal origin and pro-
duce various cytokines and growth factors. In the
late 1990s, a number of investigators reported that
BM stromal cells contain multipotent SCs for regen-
erating nonhematopoietic tissues, called “marrow
mesenchymal stem cells,” that could differentiate
into osteoblasts, chondroblasts, and adipocytes. All
these cells were known to be of mesodermal origin.
Since MSCs are multipotent, we hypothesized that
they might also have the ability to differentiate into
cardiomyocytes. As BM cells are obtained directly
from the patient, the subsequent use of these cells
in the clinical setting would have the advantage that
since the cells are autologous, they would not be
rejected after cell transplantation.

Method of establishing
bone-marrow-derived
cardiomyocytes

Mouse BM cells were cultured according to Dexter’s
method. Following serial passages in culture for
more than 4 months, a group of cells escaped senes-
cence. These immortalized cells were subcloned by
limiting dilution. Cells were induced to differentiate
by treatment with 5-azacytidine. Cells that showed
spontaneous beating were subcloned, treated with
5-azacytidine again, and screened a second time for
spontaneous beating. Clones with the highest fre-

quency of spontaneous beating were picked, and
used to establish the cardiomyogenic cell line.

Phase-contrast micrography and/or immunos-
taining with antisarcomeric myosin antibodies
were used to identify the morphological changes
in cardiomyogenic cells. Cardiomyogenic cells
showed a fibroblast-like morphology before 5-
azacytidine treatment, and this phenotype was
retained throughout repeated subculturing un-
der nonstimulating conditions. After 5-azacytidine
treatment, the morphology of the cells gradually
changed. Approximately 10–30% of the cardiomyo-
genic cells gradually increased in size after 1 week
and developed either a ball-like appearance or
lengthened in one direction to exhibit a stick-like
morphology. Most of the remaining nonmyocyte
cells had an adipocyte-like appearance.

Regenerated cardiomyocytes
display a fetal ventricular
phenotype

Various cardiac contractile protein isoforms are dif-
ferentially expressed in cardiomyocytes at different
developmental stages and in different chambers. At
the time of birth, there is a developmental switch
in gene expression of ventricular muscle proteins
in small mammals. β-myosin heavy chain (MHC)
is the predominant fetal form, while α-MHC is ex-
pressed postnatally. There is also a developmental
switch from the expression ofα-skeletal actin, which
is the predominant fetal and neonatal form, to that
of α-cardiac actin, the predominant adult form. We
investigated the contractile protein isoforms of BM-
derived cardiomyogenic cells to investigate their
cardiomyocyte phenotype, and the results are sum-
marized in Table 4.1. Fetal, neonatal, and adult ven-
tricle and atrium were used as controls. Expression

Table 4.1 Isoforms of the contractile proteins in differentiated cardiomyogenic cells.

Atrium Ventricle

Developmental stage Fetus Adult Fetus Neonate Adult CMG

α-actin Skeletal Cardiac Skeletal > Cardiac Skeletal Cardiac Skeletal > Cardiac

Myosin heavy chain α > β α β > α α > β α β > α

Myosin light chain 2a 2a 2v 2v 2v 2v

CMG = cardiomyogenic cell.
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of both α- and β-MHC was detected in differenti-
ated cardiomyogenic cells by RT-PCR, withβ-MHC
expression much greater than that of α-MHC. Car-
diomyogenic cells expressed both α-cardiac and α-
skeletal actin, but α-skeletal actin was expressed at
markedly higher levels than α-cardiac actin. Also,
cardiomyogenic cells expressed myosin light chain
(MLC)-2v but not MLC-2a. MLC-2v is expressed
specifically in ventricular cells, while MLC-2a is
expressed specifically in atrial cells. Skeletal mus-
cle cells do not express either MHC or MLC-2v.
These results would indicate that differentiated car-
diomyogenic cells are phenotypically similar to fetal
ventricular cardiomyocytes [11].

Developmental stage
of undifferentiated
and differentiated
cardiomyogenic cells

Various cardiac-specific transcription factors are
serially expressed in the developing heart during
myogenesis and morphogenesis. The genes encod-
ing Nkx2.5, GATA4, HAND1/2, and MEF2-B/C are
expressed in the early stage of heart development,
while MEF2-A and MEF2-D are expressed during
the middle stage of heart development. Cardiomyo-
genic cells express GATA4, TEF-1, Nkx2.5, HAND,
and MEF2-C before exposure to 5-azacytidine,
and MEF2-A and MEF2-D after exposure to
5-azacytidine. This pattern of gene expression is
similar to that of developing cardiomyocytes in vivo
[11] and indicates that the developmental stage
of undifferentiated cardiomyogenic cells is close
to that of cardiomyoblasts or the early stages of
heart development. The estimated stage of differ-
entiation of cardiomyogenic cells is between the
cardiomyocyte-progenitor stage and the differen-
tiated cardiomyocyte stage.

Serial changes in action potential
shape in cardiomyogenic cells
simulate those of fetal ventricular
cardiomyocytes in vivo

Cardiomyogenic cells exhibit at least two types
of distinguishable morphological action poten-
tials: sinus-node-like potentials and ventricular-
myocyte-like potentials [11]. The cardiomyocyte-

like action potential recorded from these sponta-
neous beating cells is characterized by (1) a relatively
long action potential duration or plateau (2), a rel-
atively shallow resting membrane potential, and (3)
a pacemaker-like late diastolic slow depolarization.
Peak-and-dome-like morphology was observed in
ventricular-myocyte-like cells. At 3 weeks, only
sinus-node-like action potentials were recorded in
CMG cells. Ventricular-myocyte-like action poten-
tials were first recorded after 4 weeks, and then grad-
ually increased.

The observation of several distinct patterns of
action potential in cardiomyogenic cells may reflect
different developmental stages. Yasui et al. studied
action potentials and the occurrence of one of the
pacemaker currents, I(f), by the whole-cell voltage
and current-clamp technique at the stage when a
regular heartbeat is first established (9.5 days post-
coitum) and at 1 day before birth [13]. They showed
a prominent I(f) in mouse embryonic ventricles in
the early stage, then a decrease by 82% before birth,
concurrent with the loss of regular spontaneous ac-
tivity by the ventricular cells. They concluded that
the I(f) current of the sinus node type is present
in early embryonic mouse ventricular cells. Loss of
the I(f) current during the second half of embryonic
development is associated with a tendency for the
ventricle to lose pacemaker potency. Our findings in
cardiomyogenic cells may reflect the developmental
changes in action potentials that occur in embryonic
ventricular cardiomyocytes.

Expression and function of
α1-adrenergic receptors in
cardiomyogenic cells

The α- and β-adrenergic receptors play a key role in
modulating cardiac hypertrophy and cardiac func-
tion, such as heart rate, contractility, and conduc-
tion velocity. Cardiomyogenic cells express all the
α1 receptor subtypes (α1A, α1B, and α1D) before
5-azacytidine exposure [12]. The expression pattern
of these receptors in undifferentiated cardiomyo-
genic cells is consistent with their ubiquitous or
wide expression in vivo [14]. A low level of expres-
sion of α1A was observed before 5-azacytidine ex-
posure, and it increased markedly after exposure.
Expression of α1B was unaffected by 5-azacytidine.
A high level of expression of α1D was detected
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Table 4.2 Isoproterenol increased the spontaneous beating rate and contractility of cardiomyogenic cells, mainly via
β1 receptors.

Isoproterenol (10−7 mol/L)

Control Vehicle Propranolol (10−7 mol/L) CGP20712A (10−7 mol/L) ICI118551 (10−7 mol/L)

Increase in — 47.6 ± 8.4* 10.0 ± 1.9† 13.8 ± 2.4† 37.6 ± 1.9‡

beating rate (%)

Cell motion (µm) 5.0 ± 0.3 6.8 ± 0.7* 5.6 ± 0.8‡ 5.3 ± 0.6‡ ND

Shortening (%) 6.9 ± 0.5 8.5 ± 1.2* 7.2 ± 0.8‡ 5.6 ± 0.6‡ ND

Contractile

velocity (µm/s) 71.1 ± 5.2 100.9 ± 11.0* 71.3 ± 8.8‡ 70.6 ± 6.6‡ ND

Cardiomyogenic cells at 4 weeks after 5-azacytidine exposure were initially exposed to prazosin (10−6 mol/L) for 30 minutes
to block α1-adrenergic receptors. Cells were then preincubated for 20 minutes with vehicle (PBS), propranolol, CGP20712A,
or ICI118551, and then stimulated with isoproterenol. The beating rate was counted 3 minutes after stimulation. Contractile
parameters were analyzed 90 seconds after stimulation. Each contractile parameter value was calculated as the mean of
three randomly selected beats in one cell. PBS was added to the control. Values are means ± SE (n = 100, each).
* p < 0.05 vs. control.
† p < 0.01 vs. vehicle (isoproterenol only).
‡ p < 0.05 vs. vehicle; ND = not determined.

before 5-azacytidine exposure, but it decreased con-
siderably after exposure. This switch in transcrip-
tional activity may be the result of the cardiomyo-
genic cells acquiring a cardiomyocyte phenotype.
The ventricular cardiomyocytes in vivo mainly ex-
pressed α1A and α1B, and expressed a low level of
α1D receptor. The temporal changes in expression
of α1-adrenergic receptor subtypes in cardiomyo-
genic cells are very similar to the postnatal changes
observed in neonatal rat heart [15, 16].

ERK1/2 was activated by phenylephrine, an α1

stimulant, within as little as 5 minutes, and the ac-
tivation peaked at 10 minutes. The phenylephrine-
induced phosphorylation was completely inhibited
by prazosin. Phenylephrine increased the cell area
and perimeter of the cardiomyogenic cardiomy-
ocytes.

Expression and function of β1- and
β2-adrenergic receptors in
cardiomyogenic cells

The cardiomyocytes of the mammalian heart ex-
press both β1- and β2-adrenergic receptors, the β1

receptor being the predominant subtype (approx-
imately 75–80% of total β receptors) [17]. Car-
diomyogenic cells do not express β1 and β2 receptor
transcripts prior to 5-azacytidine exposure, but do
so after 1 week [12]. Cardiomyogenic cells express

β1 and β2 mRNA after acquiring the cardiomyocyte
phenotype. The temporal pattern of expression of
the α1receptor differs from that of the β receptors.

Isoproterenol (a β receptor stimulant) increases
the cAMP level in cardiomyogenic cells, while pro-
pranolol (a nonselective β blocker) completely in-
hibits isoproterenol-induced cAMP accumulation.
Isoproterenol also increases the rate of spontaneous
beating (Table 4.2) to a rate 48% higher than con-
trol cells [12]. This increase is consistent with that
of adult murine cardiomyocytes and ESC-derived
cardiomyocytes. Preincubation with propranolol or
CGP20712A (a β1-selective blocker) strongly re-
duces the isoproterenol-induced increase in the
beating rate, while preincubation with ICI118551
(β2-selective blocker) only slightly decreases the
beating rate.

We also investigated the effect of isoproterenol
on the contractile function of cardiomyogenic cells
and found that it increased cell motion distance,
percent shortening, and contractile velocity. The
isoproterenol-induced increase in contractility was
almost completely inhibited by both propranolol
and CGP20712A. Collectively, these results indi-
cate that the β1- and β2-adenergic receptors ex-
pressed in cardiomyogenic cells are functional, and
that the isoproterenol-induced increase in the spon-
taneous beating rate and in contractility is mainly
mediated by β1 receptors. The β1 receptor was the
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predominant subtype that mediated changes in the
beating rate in cardiomyogenic cells, and both the
beating rate and the contractility were significantly
increased by isoproterenol, and completely inhib-
ited by propranolol and CGP20712A. β1-receptors
play a critical role in mediating the isoproterenol-
induced signaling in differentiated cardiomyogenic
cells. This expression pattern was consistent with
that of cardiomyocytes in vivo.

Cardiomyogenic cells express
muscarinic receptor mRNA after
cardiomyocytes differentiation

Heart rate, conduction velocity, and contractility
are negatively regulated by the parasympathetic
nervous system in cardiomyocytes, and muscarinic
(cholinergic) receptors play an important role in
mediating this function. To date, five subtypes of
muscarinic receptors (M1–M5) have been cloned.
The expression of the muscarinic receptors is tissue-
specific, and cardiomyocytes express mainly the M2

receptor subtype in mouse and human [18]. The M1

receptor subtype is also expressed in murine neona-
tal and adult cardiomyocytes. Cardiomyogenic cells
express these receptors when they acquire the car-
diomyocyte phenotype, but express neither prior to
5-azacytidine exposure.

M1 receptors couple to Gq/G11 and activate phos-
pholipase Cβ via Gqα, leading to IP3 production,
while M2 receptors couple to Gi/G0/Gz and activate
phospholipase Cβ via Giβγ , leading to IP3 pro-
duction [19, 20]. Carbachol, an acetylcholine ho-
mologue, increases the content of a second messen-
ger, IP3, in cardiomyogenic cells, and preincubation
with atropine (nonselective muscarinic blocker)
and AFDX116 (M2-selective blocker) inhibit the
carbachol-induced IP3 production. These findings
indicate that muscarinic receptors can transduce
their signals and that M2 receptors play a critical
role in carbachol-induced IP3 production in car-
diomyogenic cells. This expression pattern is con-
sistent with that of cardiomyocytes in vivo.

Cell transplantation therapy for
the treatment of heart failure

The concept of cardiomyocyte transplantation has
been advocated since the late 1990s [21]. Fetal or
neonatal rat cardiomyocytes have been successfully

transplanted into the hearts of adults; transplanted
cells are viable within the heart for relatively long
periods and form gap junctions with surround-
ing recipient cells. Prior to the transplantation of
regenerated cardiomyocytes into the heart, undif-
ferentiated cells and cells that have differentiated
into other cell types must be eliminated. Meth-
ods that use a cell sorter or drug-resistant genes to
collect ESC-derived cardiomyocytes have been re-
ported [22, 23]. These include methods that specif-
ically label cardiomyocytes including the introduc-
tion into ESCs of green fluorescent protein (GFP)
under the control of a cardiomyocyte-specific pro-
moter. In a previous study, we placed GFP under
the control of the MLC gene promoter and intro-
duced it into BM MSCs [24] Figures 4.1A–1S show
that when these cells are induced to differentiate,
only cardiomyocytes produce the GFP signal and
can be collected to a purity of more than 99%
with a FACS (fluorescence-activated cell sorter).
When these cells are transplanted into the hearts
of syngeneic mice, using a syringe, they move into
spaces between recipient cardiomyocytes, become
connected to surrounding cells via gap junctions,
and stably reside in the heart for an extended pe-
riod of time (Figures 4.1K–1S) [24]. These findings
clearly demonstrate the potential of regenerated car-
diomyocytes as an alternative to fetal or neonatal
cardiomyocytes for transplantation.

In vivo evidence that bone
marrow cells generate functional
cardiac tissue

In 2001, Orlic et al. demonstrated cardiomyocyte
differentiation by transplanting c-kit+Lin− BM
cells into the peri-infarct tissue after myocardial in-
farction [25]. Further, in 2002, FISH (fluorescence
in situ hybridization) analysis revealed the presence
of numerous recipient-derived cardiomyocytes af-
ter a human heart transplantation [26], and in
2003, numerous BM-derived cardiomyocytes were
demonstrated in the recipient heart after BM trans-
plantation [27]. In 2004, Balsam and colleagues in-
vestigated whether the c-kit+ HSCs in BM were ca-
pable of differentiating into cardiomyocytes [28]
by directly injecting BM cells into myocardial tis-
sue instead of transplanting BM after irradiation—
as other groups had done. Of significance, they
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Figure 4.1 Isolation and transplantation of regenerated
cardiomyocytes. (A–J) Isolation of regenerated
cardiomyocytes. Bone marrow mesenchymal stem cells
transfected with plasmid encoding enhanced green
fluorescent protein (EGFP) under the control of the
promoter of a ventricular-myocardium-specific protein,
MLC-2v, and induced to differentiate. Some of the cells are
GFP+ 7 days after differentiation (A and B) and have
started beating after 3 weeks (C and D). When the cells
were fractionated with a FACS after becoming GFP+ (E and
F), only cardiomyocytes were obtained (G and H).
Cardiomyocytes 3 weeks after cell sorting. (I and J)
Transplantation of regenerated cardiomyocytes (K–S).
Regenerated cardiomyocytes transplanted into adult mice

hearts with a syringe. This experiment confirms that
transplanted cardiomyocytes stably reside in the heart and
survive for a long time. Once injected, the regenerated
cardiomyocytes diffuse into the heart-like islands, then
closely adhere to surrounding cardiomyocytes and assume
the form of mature cardiomyocytes that have the
appearance of short strips of paper. Cells displaying GFP
fluorescence (K and L). Cells transfected with the LacZ
gene and stained (M–Q). When these cells were
coimmunostained with connexin 43, they formed gap
junctions with the surrounding cardiomyocytes (R and S).
The green is GFP, the blue is nuclear staining with TOTO-3,
and the red represents connexin 43. (Adapted from
[24].)

conducted their study in an experimental system
that excluded irradiation because of the possibil-
ity that invasive treatment, including irradiation,
contributed to a fusion phenomenon. They con-
cluded that c-kit+ HSCs do not include cells capable
of differentiating into cardiomyocytes. Murry and
colleagues investigated this differentiation ability in
a similar manner by directly infusing c-kit+Lin−

HSCs into the heart [29], and, as expected, showed
that HSCs are unable to differentiate into cardiomy-
ocytes.

That same year, we also reported on the dif-
ferentiation ability of HSCs by using a c-kit+Sca-
1+CD34−Lin− side population (CD34−KSL-SP)
of HSCs [30]. When whole BM, which included
both HSCs and MSCs, was transplanted from
GFP-transgenic mice into lethally irradiated mice
and myocardial infarction was induced, very few
GFP+ (BM-derived) cardiomyocytes were found.
Interestingly, granulocyte colony-stimulating fac-
tor (G-CSF) enhanced the number of GFP+ car-
diomyocytes and nonmyocytes in the infarcted or
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Figure 4.2 Evidence of mobilization and differentiation of
BM MSC into cardiomyocytes. GFP-marked MSCs (CMG cell)
were transplanted into the intratibial bone marrow space
(A). The transplanted CMG cells differentiated into
adipocytes (B), osteoblasts (C), and some remained as MSCs
(D). EGFP was stained brown with immunohistochemistry.
The recombinant plasmid-containing EGFP driven by an
MLC-2v promoter was stably transfected into MSCs (E). The

cells expressed EGFP upon differentiation into
cardiomyocytes. The intra-bone marrow-bone marrow
transplantation was performed followed by induction of
myocardial infarction and administration of G-CSF. EGFP+

cardiomyocytes were observed in the infarcted and border
zone areas (F and G). IBM-BMT = intra-bone marrow–bone
marrow transplantation; CMG = cardiomyogenic.
(Adapted from [30].)
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border zone area. By comparison, when HSC trans-
plantation followed by induction of myocardial in-
farction and administration of G-CSF were per-
formed, cardiomyocytes were rare in the group
transplanted with HSCs alone, although fibroblast-
like cells were observed and G-CSF increased their
number. Moreover, the presence of predominantly
GFP+ cardiomyocytes derived from MSCs in the
group transplanted with cardiomyogenic cells was
confirmed, which were purified MSCs. Hence, it
was concluded that the differentiation of whole BM
into organs (cells) other than hematopoietic pop-
ulations is attributable to the MSCs and not to the
HSCs, and that MSCs are mobilized from the BM
into the bloodstream, as are the HSCs (Figure 4.2).

Future direction

The above-mentioned findings provide direct ev-
idence that BM MSCs can regenerate cardiomy-
ocytes. The potential now exists for cardiac tissues
damaged by myocardial infarction, or other dis-
eases, to be repaired by BM MSC-derived cardio-
genic cells, but the precise mechanism underlying
this process needs to be understood to best achieve
this goal. Challenges that need to be addressed re-
garding the clinical application of these cells include
the absence of cell surface markers for MSCs and the
difficultly experienced in expanding these cells in
humans, probably because of difficulties in culture,
which may cause early cell senescence. These prob-
lems must be overcome to advance the field of car-
diovascular regenerative medicine to the next level.
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Bone marrow cells and
vascular growth

Takayuki Asahara, MD, PhD

Introduction

Tissue regeneration by somatic stem/progenitor
cells has been recognized as a system for the mainte-
nance of homeostasis in many organs. The isolation
and investigation of these somatic stem/progenitor
cells describes how these cells contribute to post-
natal organogenesis. On the basis of their regenera-
tive potency, these somatic stem/progenitor cells are
considered a key therapeutic strategy for damaged
organs.

Recently, endothelial progenitor cells (EPCs)
have been isolated from adult peripheral blood.
EPCs share common stem/progenitor cells with
hematopoietic stem cells (HSCs), both being de-
rived from bone marrow (BM) and able to in-
corporate into foci of physiological or patholog-
ical neovascularization. The finding that EPCs
home to sites of neovascularization and differen-
tiate into endothelial cells (ECs) in situ is consis-
tent with vasculogenesis—a critical paradigm well
described in embryonic neovascularization, but re-
cently proposed in adults—in which a reservoir of
stem/progenitor cells contribute to postnatal vas-
cular organogenesis. This discovery has drastically
changed our understanding of adult blood vessel
formation. Following is an update of EPC biology
as well as highlights of their potential utility in ther-
apeutic vascular regeneration.

Postnatal neovascularization

With the discovery of EPCs in the peripheral blood
[1, 2], our understanding of postnatal neovascu-
larization has been expanded from angiogenesis to

angio/vasculogenesis. As previously described [3],
postnatal neovascularization was originally recog-
nized as angiogenesis, which is neovessel formation
operated by in situ proliferation and migration of
preexisting ECs. However, the isolation of EPCs re-
sulted in the addition of the new mechanism vascu-
logenesis, which is de novo vessel formation by in situ
incorporation, differentiation, migration, and/or
proliferation of BM-derived EPCs [4] (Figure 5.1).
Furthermore, tissue-specific stem/progenitor cells
with the ability to differentiate into myocytes or ECs
were isolated in skeletal muscle tissue of the murine
hind limb, although their origin remains to be elu-
cidated [5]. This finding suggests that the organ of
origin of EPCs may not be limited to the BM, and
that other tissue-specific stem/progenitor cells may
provide in situ EPCs.

In the event of minor scale neovessel formation,
i.e., slight wounds or burns, in situ preexisting ECs
causing postnatal angiogenesis may satisfactorily
replicate and replace the existing cell population,
as ECs exhibit the ability for self-repair that pre-
serves their proliferative activity. Neovasculariza-
tion through differentiated ECs, however, is lim-
ited in terms of cellular life span (Hayflick limit)
and their inability to incorporate into remote tar-
get sites. In the case of large-scale tissue repair,
such as in patients who experience an acute vascu-
lar insult secondary to burns, coronary artery by-
pass grafting, or acute myocardial infarction [6, 7],
or in physiological cyclic organogenesis of the en-
dometrium [4], BM-derived or in situ EPC kinetics
are activated under the influence of appropriate cy-
tokines, hormones, and/or growth factors through
the autocrine, paracrine, and/or endocrine systems.
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Figure 5.1 Postnatal neovascularization.
Postnatal neovascularization in the
physiological or pathological event is
consistent with neovessel formation
contributed by angiogenesis and
vasculogenesis at the various rates
between their two mechanisms.
Angiogenesis and vasculogenesis are due
to the activations of in situ ECs and
BM-derived or in situ EPCs, respectively.

Thus, the contemporary view of tissue regenera-
tion is that neighboring differentiated ECs are re-
lied upon for vascular regeneration during a mi-
nor insult, whereas tissue-specific or BM-derived
stem/progenitor cells bearing EPCs/ECs are impor-
tant when an emergent vascular regenerative pro-
cess is required (Figure 5.1).

Profiles of EPCs in adults

Isolation of EPCs in adults
In the embryo, HSCs and EPCs [8, 9] are de-
rived from a common precursor (hemangioblast)
[10, 11]. During embryonic development, multi-
ple blood islands initially fuse to form a yolk sac
capillary network [12], which provides the founda-
tion for an arteriovenous vascular system [8]. The
integral relationship between the cells which cir-
culate in the vascular system (the blood cells) and
those principally responsible for the vessels them-
selves (ECs) is suggested by their spatial orientation
within the blood islands; those cells destined to gen-
erate HSCs are situated in the center of the blood
island versus EPCs or angioblasts which are located
at the periphery of the blood islands. In addition
to this arrangement, HSCs and EPCs share certain
antigens, including CD34, KDR, Tie-2, CD117, and
Sca-1 [13].

The existence of HSCs in the peripheral blood and
BM and the demonstration of sustained hematopoi-
etic reconstitution with HSC transplantation led to
an idea that a closely related cell type, namely EPCs,

may also exist in adult tissues. Recently, EPCs were
successfully isolated from circulating mononuclear
cells (MNCs) having KDR, CD34, and CD133 anti-
gens shared by both embryonic EPCs and HSCs
[1, 14, 15]. In vitro, these cells differentiate into
endothelial cell lineages, and in animal models of
ischemia, EPCs have been shown to incorporate
into the foci of neovasculature, contributing to neo-
vascularization. Recently, similar studies with EPCs
isolated from human cord blood have demonstrated
their ability to differentiate into ECs in vitro and in
vivo [16–19].

These findings have raised important questions
regarding the fundamental concepts of blood ves-
sel growth and development in adult subjects. Does
the differentiation of EPCs in situ (vasculogenesis)
play an important role in adult neovascularization,
and would impairments in this process lead to clin-
ical disease? There is now a strong body of evidence
suggesting that vasculogenesis does in fact make a
significant contribution to postnatal neovascular-
ization. Recent studies using animal BM transplan-
tation models in which labeled BM (donor)-derived
EPCs could be identified have shown that the contri-
bution of EPCs to neovessel formation may range
from 5 to 25% in response to granulation tissue
formation [20] or growth factor-induced neovascu-
larization [21]. Also, in tumor neovascularization,
EPC participation in vessel formation is approxi-
mately 35–45% higher than the former events [22].
The degree of EPC contribution to postnatal neo-
vascularization is variable.
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Diverse identifications of human EPCs
and their precursors
Since the initial report on EPCs [1, 2], a number of
groups have set out to better define this cell pop-
ulation. Because EPCs and HSCs share many sur-
face markers, and no simple definition of EPCs ex-
ists, various methods of EPC isolation have been
reported [1, 2, 15–18, 23–31]. The term EPC may
therefore encompass a group of cells that exist in a
variety of stages, ranging from hemangioblasts to
fully differentiated ECs. Although the true differen-
tiation lineage of EPCs and their putative precur-
sors are still undetermined, there is overwhelming
in vivo evidence that a population of EPCs exists in
human beings.

Lin and collaborators cultivated peripheral
MNCs from patients receiving gender-mismatched
BM transplantation and studied their growth in
vitro. In this study, they identified a population of
BM (donor)-derived ECs with high proliferative po-
tential (late outgrowth); these BM cells likely rep-
resented EPCs [24]. Gunsilius and coworkers in-
vestigated a chronic myelogenous leukemia model
and disclosed that BM-derived EPCs contribute to
postnatal neovascularization in humans [26]. Inter-
estingly, in the report, BM-derived EPCs could be
detected even in the wall of quiescent vessels with-
out neovascularization events. This finding suggests
that BM-derived EPCs may also have a role in the
normal turnover of ECs, taking place in nondam-
aged, quiescent blood vessels.

Reyes and collaborators isolated multipotent
adult progenitor cells (MAPCs) from BM MNCs,
which differentiated into EPCs, and proposed
MAPCs as the origin of EPCs [22]. These stud-
ies therefore provide evidence to support the
presence of BM-derived EPCs that take part in
neovascularization. Also, as described above, the ex-
istence of in situ EPCs derived from tissue-specific
stem/progenitor cells in murine skeletal muscle
needs to be investigated in other organs [5] (Fig-
ure 5.2).

EPC kinetics in adults

EPC kinetics effected by endogenous
agents
The incorporation of BM-derived EPCs into foci
of physiological and pathological neovasculariza-

tion has been demonstrated through various ani-
mal experiments. One well-established model that
allows the detection of BM-derived EPCs includes
transplanting wild-type mice with BM cells har-
vested from transgenic mice in which LacZ expres-
sion is regulated by an EC lineage-specific promoter,
flk-1 or Tie-2 (flk-1/lacZ/BMT, Tie-2/lacZ/BMT).
Using such mice, flk-1- or Tie-2-expressing en-
dothelial lineage cells derived from BM (EPCs)
have been shown to localize to vessels during tu-
mor growth, wound healing, skeletal and cardiac
ischemia, cornea neovascularization, and endome-
trial remodeling following hormone-induced ovu-
lation [4].

Tissue trauma causes mobilization of hematopoi-
etic cells as well as pluripotent stem/progenitor cells
from the hematopoietic system [32]. Consistent
with the notion that EPCs and HSCs share a com-
mon ancestry, recent data from our laboratory have
shown that mobilization of BM-derived EPCs con-
stitutes a natural response to tissue ischemia [8–10].
The aforementioned murine BM transplantation
model also provides direct evidence of enhanced
BM-derived EPC incorporation into foci of corneal
neovascularization following the development of
hind limb ischemia [4]. This finding indicates that
circulating EPCs are mobilized endogenously in re-
sponse to tissue ischemia and can incorporate into
neovascular foci to promote tissue repair. These re-
sults in animals were recently confirmed by human
studies, illustrating EPC mobilization in patients
following burns [6], coronary artery bypass graft-
ing, or acute myocardial infarction [7].

As previous studies have demonstrated the role
of endogenous mobilization of BM-derived EPCs,
we considered exogenous mobilization of EPCs as
an effective means of augmenting the resident pop-
ulation of EPCs/ECs. Such a strategy is appealing
for its potential to overcome endothelial dysfunc-
tion or depletion that may be present in older, di-
abetic, or hypercholesterolemic patients. Granulo-
cyte macrophage colony-stimulating factor is well
known to activate hematopoietic progenitor cells
and myeloid lineage cells, but has recently been
shown to exert a potent stimulatory effect on EPC
kinetics. The administration of this cytokine was
shown to induce EPC mobilization and enhance
neovascularization of severely ischemic tissues and
de novo corneal vascularization [33].
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Figure 5.2 Origin and differentiation of
EPCs. EPCs are thought to differentiate
not only from putative hemangioblasts,
common precursor cells with HSCs, as
previously described, but also from
MAPCs. Representative antigenicities to
stem/progenitor cells are shown (+,
positive; −, negative).

The exact mechanism by which EPCs are mo-
bilized to the peripheral circulation remains un-
known, but may mimic aspects of embryonic
development. Vascular endothelial growth factor
(VEGF), critical for angio/vasculogenesis in the em-
bryo [34–36], has recently been shown to be an im-
portant stimulus of adult EPC kinetics. Our studies,
performed first in mice [37] and subsequently in
patients undergoing VEGF gene transfer for critical
limb or myocardial ischemia [38], established a pre-
viously unappreciated mechanism by which VEGF
contributes to neovascularization, that is, in part,
dependent on the mobilization of EPCs from the
BM. A similar modulation of EPC kinetics has been
observed in response to other hematopoietic growth
factors, such as granulocyte colony-stimulating fac-
tor and stroma-derived factor-1 [39].

EPC kinetics effected by exogenous
agents
EPC mobilization has recently been implicated not
only by natural hematopoietic or angiogenic growth
factors but also by pharmacological agents. For in-
stance, 3-hydroxy-3-methylglutaryl coenzyme A re-
ductase inhibitors (statins) are known to rapidly
activate Akt signaling in ECs, thereby stimulating

EC bioactivity in vitro and enhancing angiogene-
sis in vivo [40]. Recent studies by Dimmeler et al.
and our laboratory have demonstrated a novel func-
tion of statins, that of mobilizing BM-derived EPCs
through the stimulation of the Akt-signaling path-
way [41–44]. This newly appreciated pharmacolog-
ical effect of statins, along with their already well-
established effects in treating hypercholesterolemia,
suggests a benefit in treating various forms of vas-
cular diseases. On the other hand, as BM-derived
EPC kinetics is a critical factor for tumor growth
[45], some antiangiogenic agents, e.g., angiostatin
or soluble flk-1, inhibit BM-derived EPC kinetics,
lead to tumor regression [46].

Clinical profile of EPC kinetics
There is a strong body of evidence to suggest that
impaired neovascularization results, in part, from
diminished cytokine production. However, endoge-
nous expression of cytokines is not the only factor
leading to impaired neovascularization. Diabetic or
hypercholesterolemic animals, like clinical patients,
exhibit a dysfunction in mature ECs. Although cel-
lular dysfunction does not necessarily preclude a fa-
vorable response to cytokine replacement therapy,
the extent of recovery in limb perfusion in these
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animals fails to reach that of control animals. This
latter observation would suggest that a diminished
responsiveness of EPCs/ECs to cytokines may limit
neovascularization [47–49].

Age-dependent impaired neovascularization [50,
51] might be associated with dysfunctional EPCs
and defective vasculogenesis. Indeed, preliminary
results from our laboratory indicate that transplan-
tation of BM (including EPCs) from old mice into
young mice led to minimal neovascularization in
a corneal micropocket assay, with respect to the
transplantation of young BM into young recipients.
This finding, however, does not exclude the possibil-
ity that the age-dependent defect in vasculogenesis
may be due to alterations in the tissue microenvi-
ronment more than changes in the intrinsic func-
tional properties of EPCs. To answer this important
question, we demonstrated that EPCs from older
patients with clinical ischemia had significantly less
therapeutic effect in rescuing ischemic hind limb of
mice compared with those from younger ischemic
patients [52]. These studies provide evidence to
support an age-dependent impairment in vascu-
logenesis (as well as angiogenesis) that is heavily
influenced by EPC phenotype. Moreover, analyses
of clinical data from older patients at our institu-
tion revealed a significant reduction in the number
of EPCs at baseline, as well as a reduction in re-
sponse to VEGF165 gene transfer [38]. Thus, im-
paired EPC mobilization and/or activity in response
to VEGF may contribute to the age-dependent de-
fect in postnatal neovascularization. Recently Vasa
and collaborators have further investigated EPC ki-
netics and their relationship to clinical disorders,
showing that the number and migratory activity of
circulating EPCs inversely correlate with known risk
factors for coronary artery disease, such as cigarette
smoking, family history, and systemic hypertension
[53–55]. On the basis of these findings, monitoring
BM-derived EPC kinetics in patients with vascular
diseases is expected to be of value in the evaluation
of lesion activity and/or therapeutic efficacy.

Therapeutic vasculogenesis

The potential of EPC transplantation
The regenerative potential of stem/progenitor cells
is currently undergoing intense investigation. In
vitro, stem/progenitor cells possess the ability to

self-renew and differentiate into organ-specific cell
types. When placed in vivo, these cells are pro-
vided with the proper milieu that allows them to
reconstitute organ systems. The novel strategy of
EPC transplantation (cell therapy) may therefore
supplement the classic paradigm of angiogenesis
developed by Folkman and colleagues [3]. Our stud-
ies indicate that cell therapy with in vitro expanded
EPCs can successfully promote neovascularization
of ischemic tissues, even when administered as
“sole therapy,” i.e., in the absence of angiogenic
growth factors. Such a “supply-side” version of
therapeutic neovascularization in which the sub-
strate (EPCs/ECs) rather than the ligand (growth
factor) comprises the therapeutic agent was first
demonstrated by intravenously transplanting hu-
man EPCs into immunodeficient mice with hind
limb ischemia [25]. These findings provided evi-
dence that exogenously administered EPCs could
rescue impaired neovascularization in an animal
model of critical limb ischemia. Not only did the
heterologous cell transplantation improve neovas-
cularization and blood flow recovery, but it also led
to important biological outcomes—notably, the re-
duction of limb necrosis and autoamputation by
50% in comparison with controls. A similar strat-
egy applied to a model of myocardial ischemia in the
nude rat demonstrated that transplanted human
EPCs localize to areas of myocardial neovascular-
ization, differentiate into mature ECs, and enhance
neovascularization. These findings were associated
with preserved left ventricular function and dimin-
ished myocardial fibrosis [56]. Murohara et al. also
reported similar findings in which human cord-
blood-derived EPCs augmented neovascularization
in the hind limb ischemic model of nude rats, after
in situ transplantation [17].

Other researchers have recently explored the ther-
apeutic potential of using freshly isolated human
CD34+ cells (EPC-enriched fraction). Schatteman
et al. conducted local injections of freshly isolated
human CD34+ cells into diabetic nude mice with
hind limb ischemia and showed an increase in the
restoration of limb flow [29]. Similarly Kocher et al.
attempted intravenous infusions of freshly isolated
human CD34+ cells into nude rats with myocar-
dial ischemia and found preservation of left ven-
tricular function associated with inhibition of car-
diomyocyte apoptosis [57]. Thus, two protocols of
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EPC preparation (i.e., cultured and freshly isolated
human EPCs) may provide therapeutic benefit in
vascular disease, but as described below, will likely
require further optimization techniques to acquire
the ideal quality and quantity of EPCs for cell ther-
apy.

Recently, Iwasaki et al. have demonstrated
CD34+ cell dose-dependent contribution to left
ventricular function recovery and neovasculariza-
tion in the ischemic myocardium [58]. Further-
more, CD34+ cells in higher dose groups com-
mitted not only to vasculogenic (endothelial and
mural) cell lineages but also to myocyte cell lin-
eages. Clinical trials using mobilized CD34+ may
be effective in terms of both vasculogenesis and my-
ocardiogenesis.

Future strategy of EPC cell therapy
Ex vivo expansion of EPCs obtained from periph-
eral blood MNCs of healthy human volunteers typ-
ically yields 5.0 × 106 cells per 100 mL of blood on
day 7. Our animal studies [25] suggest that heterol-
ogous transplantation requires systemic injection
of 0.5∼2.0 × 104 human EPCs per gram of body
weight of the recipient animal to achieve satisfac-
tory reperfusion of an ischemic hind limb. Rough
extrapolation of these data to humans suggests that
a blood volume of as much as 12 L may be necessary
to obtain adequate numbers of EPCs to treat criti-
cal limb ischemia in patients. Therefore, the funda-
mental scarcity of EPCs in the circulation, com-
bined with their possible functional impairment
associated with a variety of phenotypes in clini-
cal patients, such as aging, diabetes, and hyperc-
holesterolemia, constitute major limitations of pri-
mary EPC transplantation. Considering autologous
EPC therapy, certain technical improvements that
may help to overcome the primary scarcity of a vi-
able and functional EPC population should include
(1) local delivery of EPCs, (2) adjunctive strategies
(e.g., growth factor supplements) to promote BM-
derived EPC mobilization [33, 37], (3) enrichment
procedures, i.e., leukapheresis or BM aspiration, (4)
enhancement of EPC function by gene transduc-
tion (gene-modified EPC therapy), and (5) culture-
expansion of EPCs from self-renewable primitive
stem cells of BM or other tissues. Alternatively, if
the quality and quantity of autologous EPCs to sat-
isfy the effectiveness of EPC therapy cannot be ac-

quired by the strategies described above, allogeneic
EPCs derived from umbilical cord blood or culture-
expanded from human embryonic stem cells [17,
59] may be available as sources for supplying
EPCs.

Gene-modified EPC therapy
A strategy that may prevent potential EPC dysfunc-
tion in ischemic disorders is considered reasonable,
given the findings that EPC function and mobi-
lization may be impaired in certain disease states.
Potential strategies include genetic modification of
EPCs to overexpress angiogenic growth factors, en-
hancing the signaling activity of the angiogenic re-
sponse, and rejuvenating the bioactivity and/or ex-
tending the life span of EPCs.

We have recently shown for the first time that in
an animal model of limb ischemia, gene-modified
EPCs can reverse impaired neovascularization [60].
Transplantation of heterologous EPCs transduced
with adenovirus encoding human VEGF165 not
only improved neovascularization and blood flow
recovery but also had beneficial clinical actions, i.e.,
limb necrosis and autoamputation were reduced by
63.7% in comparison with controls. Notably, the
dose of EPCs needed to achieve limb salvage in
these in vivo experiments was 30 times less than
that required in the previous experiments involv-
ing unmodified EPCs [25]. Thus, combining EPC
cell therapy with gene (i.e., VEGF) therapy may be
one option to address the limited number of func-
tional EPCs that can be isolated from the peripheral
blood of patients.

BM-MNC transplantation
Nonselected total BM cells or BM-MNCs includ-
ing the immature EPC population have also been
investigated regarding their potential ability to in-
duce neovascularization. Several investigators have
reported that autologous BM administration into
rabbit [61] or rat [62], using a hind limb ischemic
model or a porcine myocardial ischemic model [63,
64], could augment neovascularization in the is-
chemic tissue, mainly through the production of
angiogenic growth factors and less through the dif-
ferentiation of a portion of the cells into EPCs/ECs
in situ. Although there are no long-term safety
and efficacy data to support the local delivery of
such cell populations that are composed mostly
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of inflammatory leukocytes, these strategies are al-
ready being applied in patients, and preliminary re-
sults are expected soon.

Other potential uses of EPCs

EPCs have recently been applied to the field of tis-
sue engineering as a means of improving the bio-
compatibility of vascular grafts. Artificial grafts first
seeded with autologous CD34+ cells from canine
BM and then implanted into aortae were found to
have increased surface endothelialization and vas-
cularization compared with controls [65]. Similarly,
when cultured autologous ovine EPCs were seeded
onto carotid interposition grafts, the EPC-seeded
grafts achieved physiological motility and remained
patent for 130 versus 15 days in nonseeded grafts
[66]. Alternatively, the cell sheets of cultured car-
diomyocytes may be effective for the improvement
of cardiac function in damaged hearts, i.e., ischemic
heart disease or cardiomyopathy [67, 68]. Cell sheets
consisting of cardiomyocytes with EPCs inducing
neovascularization may be attractive, as the blood
supply is essential for maintaining the homeostasis
of implanted cardiomyocytes in such cell sheets.

Conclusion

As our understanding of adult BM-derived EPCs
and postnatal vasculogenesis is enhanced, the
clinical applications of EPC use in regeneration
medicine is likely to follow. To optimize both the
quality and quantity of EPCs to be used for regen-
eration, several issues remain to be elucidated, such
as the development of more efficient methods of
EPC purification and expansion and finding the
most effective mode for EPC administration. Al-
ternatively, in patients with impaired BM function,
as seen with senescence and/or disease, the num-
bers of EPCs required for therapy need to be op-
timized either from umbilical cord blood or from
those cells obtained by differentiation from tissue-
specific stem/progenitors or embryonic stem cells.
The unlimited potential for EPCs, along with the
emerging concepts of autologous cell therapy with
gene modification, suggests that these approaches
may one day be a clinical reality for the treatment
of patients with cardiovascular disease.
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6 CHAPTER 6

Progenitor cells and vascular repair

Kaushik Mandal, MD, Marjan Jahangiri, MS, FRCS, & Qingbo
Xu, MD, PhD

Introduction

Regenerative medicine is an emerging field of re-
search developed from advances in the understand-
ing of stem cell biology and cellular plasticity. The
recent identification of adult multipotential pro-
genitor cells capable of contributing to postinjury
repair of a variety of tissues, including the vascular
endothelium [1], has led scientists to consider blood
vessel wall events like atherosclerosis and angiogen-
esis as potential targets for cell-based therapies.

Before discussing the potential scope of such cell-
based therapies in vascular repair, it is crucial to clar-
ify a few definitions. Stem cells are predominantly
present during embryogenesis, with few persisting
into adulthood. These cells have a self-renewing ca-
pacity and the ability to transdifferentiate into mul-
tiple cell types under appropriate conditions. Pro-
genitor (transit) cells represent a subpopulation of
cells with varying points of differentiation and with
less potential for self-renewal. Progenitor cells are
also committed to develop only toward a particu-
lar lineage, opposed to the pluripotentiality of stem
cells. Accordingly, vascular progenitor cells cannot
renew themselves indefinitely and, under appropri-
ate conditions, are able to differentiate into mature
vascular cells, e.g., endothelial cells.

In this chapter on the role of progenitor cells
in vascular repair, we will begin by appraising
the pathophysiology of postinjury repair in nor-
mal arteries and venous bypass grafts. Following
this, we will attempt to synthesize the current evi-
dence implicating progenitors in atherogenesis and
neointimal hyperplasia. Finally, taking cues from
pathobiology, we will discuss cell-based strategies

for countering the problem of restenosis/graft fail-
ure and will conclude with a brief discussion on the
unanswered questions/future perspectives in this
arena.

Origins of vascular progenitor
cells

At present, at least two types of vascular progeni-
tor cells have been identified, endothelial progen-
itor cells (EPCs) and smooth muscle cell (SMC)
precursors [2]. They may exist in different tissues
and participate in vascular repair or atherosclero-
sis. The first evidence suggesting the presence of
EPCs in adult circulation was provided by Asa-
hara and colleagues (see also Chap. 5), who showed
that mononuclear blood cells from healthy human
volunteers could acquire an endothelial phenotype
in vitro and be incorporated into budding capil-
laries in vivo [3]. These cells were characterized
by coexpression of CD34 and vascular endothe-
lial growth factor receptor-2 (VEGFR-2)—antigens
shared by both embryonic EPCs and hematopoi-
etic stem cells. However, both CD34 and VEGFR-2
are expressed in mature endothelial cells [4], and
hence the continuing search for more unique EPC
markers. More recently, hematopoietic progenitor
cells that express CD34 and fibroblast growth fac-
tor receptor-1, or coexpress CD34, CD133, and
VEGFR-3, have been shown to behave as EPCs [5, 6].

To explore the possibility that vascular progeni-
tor cells for smooth muscle and endothelium exist in
adults, a variety of tissues from apoE-deficient mice
were extensively examined. Hu et al. provided the
first evidence that the adventitia in aortas harbored
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large numbers of cells expressing stem cell markers,
e.g., sca-1+ (21%), c-kit+ (9%), CD34+ (15%),
Flk1 (4%), but not SSEA-1+ embryonic stem cells,
indicating that they are adult stem/progenitor cells
[7]. Explanted cultures of adventitial tissues using
stem cell medium displayed a heterogeneous out-
growth, e.g., the formation of round-shaped cells
surrounded by fibroblast-like monolayer cells. Iso-
lated sca-1+ cells were able to differentiate into
SMCs in response to platelet-derived growth factor-
BB stimulation in vitro [7]. In addition, recent ev-
idence has demonstrated the presence of stem cells
in the media of the vessel wall [8]. Thus, a large
population of vascular progenitor cells existing in
the vessel wall can differentiate into SMCs, which
can contribute to the lesion formation of vein graft
atherosclerosis.

Recently, several groups reported that fat tis-
sue contains progenitor cells that can differentiate
into adipocytes, preadipocytes, vascular endothelial
cells, and vascular SMCs and also contains cells that
have the ability to differentiate into several lineages,
such as fat, bone, cartilage, skeletal, smooth, and
cardiac muscle, endothelium, hematopoietic cells,
hepatocytes, and neuronal cells [9, 10]. Cloning
studies have shown that some adipose-derived
stem cells have multilineage differentiation po-
tential. Progenitors are also capable of synthesiz-
ing multiple growth factors, including VEGF and
hepatocyte growth factor [9]. Early, uncontrolled,
nonrandomized clinical research, applying fresh
adipose-derived cells into a cranial defect or un-
differentiated progenitors into fistulas in Crohn’s
disease, has shown healing and an absence of side
effects [10]. Thus, fat-tissue-harbored progenitor
cells may have the potential for differentiating into
vascular cells (Figure 6.1) [11].

Vascular injury and repair in
normal arteries

Role of the endothelium
The endothelium is a single cell lining covering the
internal surface of blood vessels and cardiac valves
and plays an important role in thrombogenicity,
anticoagulation, leukocyte/platelet adhesion, and
vessel contraction and relaxation. It is known that
the loss of endothelial cell lining during interven-
tion (harvesting grafts/stent placement) is one of

Bone marrow Fat tissues Adventitia Spleen

CD133+

Smooth muscle

progenitors

Released

to blood

Expansion
for cell therapy

Angiogenesis in
infarcted tissues

Repair damaged
Endothelial cells

Figure 6.1 Vascular progenitor generation and repair.
Vascular progenitors could be released from the bone
marrow, fat tissues, the adventitia and possibly from the
spleen into the blood, where EPCs express CD133 at the
early stage, and then CD34-Flk-1. Circulating progenitors
can form neovessels in infarcted tissues, repair damaged
endothelial cells of large vessels, and also be expanded
in vitro for use as cell therapy. (Adapted from [11].)

the key events contributing to vascular stenosis.
Endothelial cells, when in confluent monolayer,
cease to replicate. Disruption of cell contact inhi-
bition results in rapid endothelial cell replication
from the proximal and distal nontraumatized
segments. There is also some evidence to suggest
that progenitor cells may be involved in postinjury
endothelial cell replacement [12]. Endothelial cells
probably play an important role in controlling
smooth muscle proliferation via secretion of
heparin and other growth inhibitory factors.
Endothelial cells most likely regulate SMC prolifer-
ation by the growth inhibitory effects of nitric oxide
[13]. Besides modulating local hemostasis and
thrombolysis, producing vasoactive compounds,
and providing a nonpermeable barrier protecting
SMCs against circulating growth promoting
factors, endothelial cells themselves synthesize
at least three growth factors—fibroblast growth
factor , platelet-derived growth factor, transform-
ing growth factor-beta—that are important in
smooth muscle proliferation. Endothelial cells also
synthesize various components of the basement
membrane: type IV and V collagen, laminin,
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proteoglycans, and extracellular matrix (fi-
bronectin). Endothelial denudation causes not
only endothelial dysfunction, but also exposure of
thrombogenic and adhesive subendothelial layers
to platelets and leukocytes, with concomitant
release of growth factors. These factors may initiate
SMC activation, proliferation, and migration to the
de-endothelized surface, where they continue to
proliferate and secrete extracellular matrix proteins.

With denudation of a small area of endothelial
surface, little or no intimal hyperplasia is observed
[14]. When larger areas are denuded, however, there
is a greater degree of intimal thickening [14]. Hau-
denschild and Schwartz have demonstrated that
SMCs appear in the intima only in areas that are
not re-endothelized 7 days after injury [15]. Theo-
retically, early confluent re-endothelization by EPC
seeding may reduce SMC proliferation and/or mi-
gration [16].

Role of the media
The arterial media is composed of SMC layer serv-
ing as a mechanical structure and giving strength
and vasomotor tone to muscular arteries like coro-
nary/carotid arteries. Numerous studies of nor-
mal porcine coronary arteries have shown that the
neointima does not grow following arterial injury
unless the internal elastic lamina is fractured and the
arterial media injured [17]. The depth and severity
of medial injury generates a proportional neointi-
mal response in both the animal model (pig) and
humans. The normal porcine coronary arterial me-
dia is typically killed when subjected to tempera-
tures of 80◦C for 30 seconds. The resultant medial
death is accompanied by voluminous neointimal
formation, principally at sites of dead or missing
media. Conversely, where arterial media survives
the heat, there is little or no neointimal thickening.

The media may have a substantial biological role
in limiting neointimal growth. When impermeable,
nonporous polymer stents are implanted in normal
porcine coronary arteries, they uniformly develop
a thick occlusive neointima. In contrast, porous
stents fabricated out of identical polymer experi-
enced significantly better patency rates [18]. These
data support a regulatory role for the medial SMCs,
as only porous design will allow biochemical sub-
stances synthesized in media to reach the luminal
surface and down-regulate neointimal growth.

Role of the adventitia
The arterial adventitia is the principal connective
tissue support to the vessel. It has an important role
in providing nourishment and oxygen, via vasa va-
sorum, to arteries more than 30 cell layers thick.
The longitudinal vasa run parallel to the lumen and
give rise to secondary branches running circumfer-
entially around the lumen, terminating in the outer
medial border. Normally, vasa do not penetrate the
media of normal coronary arteries. Atherosclero-
sis causes adventitial angiogenesis, with small cap-
illaries that frequently penetrate from the adventitia
through the media and into atherosclerotic plaque
[19]. Normal porcine coronary arteries that are in-
jured develop marked adventitial angiogenesis, pro-
portional to the degree of intimal injury.

The adventitia may play a major role in neointi-
mal formation. Removing the adventitia from a nor-
mal artery causes nonobstructive neointimal for-
mation, even in the absence of medial injury [20].
Similarly, placing a tight polymer band around a
normal artery also produces neointimal formation.
This may result from constriction of adventitial cap-
illaries. However, removing the adventitia and plac-
ing a loose polymer collar around a normal artery
segment results in formation of a “pseudoadventi-
tia” that limits neointima formation. These studies
strongly suggest an important role for the adventitia
in metabolically supporting normal arterial func-
tion. Adventitial cells not only play a role in the heal-
ing of injured arteries, but also seem to be the source
of neointimal cells following mechanical injury.

Vascular injury and repair in
venous bypass grafts

The earliest cellular event in vein graft atheroscle-
rosis is endothelial cell death [21], probably trig-
gered by the sudden increase in mechanical stress
related to systemic arterial pressures. To clarify the
source of cells involved in subsequent endothelial
regeneration, vein segments from TIE2-lacZ trans-
genic mice expressing the lacZ marker gene only in
endothelial cells were used for bypass grafting the
carotid artery of wild-type mice [22]. These trans-
genic mice carried lacZ gene driven by endothelial
TIE2 promoter expressing beta-galactosidase only
in endothelial cells and allowed monitoring of the
pattern of regeneration of endothelial cells. If, as
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originally believed, regeneration of endothelial cells
in veins used for bypass grafting were the result of
migration from the anastomosed artery, then the
earliest sites for lacZ-positive cells to appear would
be at the ends of the vein segment closest to the
artery. However, the analysis of pattern of distribu-
tion of these regenerating endothelial cells showed
them to be uniformly distributed everywhere on
the vein surface. These results suggest that regen-
erating endothelial cells in venous bypass grafts are
likely to originate from recipient circulating blood
rather than endothelial cells of recipient/donor ves-
sels [22]. Compared to wild-type mice, apoE knock-
out mice have a reduced number of circulating pro-
genitor cells, which correlates with poor endothelial
regeneration in vein grafts [22].

Corroborative evidence from humans also exists,
indicating the role of circulating progenitor cells
in replacement of endothelial and SMCs in trans-
planted vessels [23, 24]. Simper and colleagues de-
scribed a reduction of EPC colony-forming units,
but not a corresponding decrease in circulating
endothelial cells in the blood of cardiac allograft
patients with established transplant vasculopathy
[24]. They further showed that endothelial cells in
the atheromas of patients receiving sex-mismatched
transplants were of recipient rather than donor
origin.

Neointimal hyperplasia—the stem
cell hypothesis

Neointimal smooth muscle cells
The appearance of SMCs in the intima is one of
the earliest events in the formation of atheroscle-
rotic plaque. It has been observed that SMCs in the
atherosclerotic lesion display a more proinflamma-
tory phenotype in contrast to the medial smooth
muscles [25]. Does this phenotypic difference be-
tween neointimal SMCs and resident medial SMCs
imply a different origin? Sata et al. have provided ev-
idence to support this contention and believe that
the majority of the neointimal SMCs, as seen in their
animal model of atherosclerosis, to be of bone mar-
row origin [26]. Their conclusion was based on dou-
ble staining techniques for alpha-actin and markers
for stem cells, wherein precise identification of indi-
vidual cells is difficult. In contrast, our study, which
was on SM22-lacZ mice expressing the lacZ gene

only in SMCs, did not support their bone marrow
origin [27]. The demonstration of tetraploid SMCs
in the blood vessel wall [28] raises the possibility
of fusion of homing progenitor cells with intimal
SMCs, forming neo-SMCs that have enhanced pro-
liferative and migratory capacity. Despite the con-
troversy, there is support for the notion that cir-
culating progenitor cells do play some role in the
development of both the neointima and the resi-
dent SMCs [29, 30].

Adventitial cells
Atherosclerosis causes adventitial angiogenesis, and
small capillaries arising from the adventitia, pen-
etrating through the media into atherosclerotic
plaque are frequently found [19]. In a mouse model
of transplant arteriosclerosis, we previously demon-
strated that endothelial cells present in microves-
sels are derived from bone marrow progenitor cells
[12]. These data would suggest that apart from
their reparative capacity, EPCs may also be the
source of cells in the plaque neovasculature, pro-
moting atherosclerosis. Supporting this contention
was the recent data from Rotmans and colleagues
who demonstrated that in vivo seeding of CD34+
progenitor cells on the surface of a polytetraflu-
oroethylene (PTFE) graft not only promoted en-
dothelization but also stimulated neointimal hyper-
plasia [31]. Identification of the appropriate EPC
and homing mechanisms responsible for recruiting
them to the site of endothelial damage/angiogenesis
within the vessel wall would enable us to understand
their impact and to design therapeutic strategies tar-
geting this process.

Corroborative evidence from
human studies
Sufficient data exist to support the role of circu-
lating progenitor cells in causing endothelial and
SMC replacement in transplant arteriopathy in hu-
mans [23, 24]. Caplice and colleagues, in a post-
mortem study, examined the coronary arteries of
patients who had received sex-mismatched bone
marrow transplantation [32]. They could demon-
strate sex-mismatched SMCs of donor origin in the
coronary plaques, thus supporting the role of pro-
genitor cells in atherosclerosis. Compared to nor-
mal controls, the presence of cardiovascular risk fac-
tors in patients with symptomatic coronary artery
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disease has been shown to correlate with qualita-
tive and quantitative differences in EPCs [33]. It
is noteworthy that hypercholesterolemia negatively
correlated with EPC numbers and function. Also,
Hill and collaborators have reported that EPCs in
patients with a higher cardiovascular risk profile are
fewer in number, and age faster, compared to those
with a lower risk profile [34].

Progenitor-cell-based therapeutic
strategies for vascular repair

Does the neointima in a healing artery “know” the
lumen size, or whether it is controlled by events
in the artery wall? The lumen-based signals that
should normally originate from an increasingly
tighter stenosis either do not occur or the target tis-
sues are insensitive and fail to stop neointimal thick-
ening before arterial stenosis occurs. Both the crit-
ical mass and state of differentiation of neointimal
cells may govern their ability to produce appropri-
ate growth-inhibiting signals, and restenosis could
be the result of exuberant neointimal proliferation,
owing to a lack of appropriate negative feedback. If
the above suppositions are correct, then restenosis
may be corrected by supplying the appropriate neg-
ative signals through “quality” cells, functioning at
the site of vascular injury. The artery/vessel must
have an active, living lining to prevent neointimal
formation or be supplied externally with inhibitory
factors.

Endothelial cell transplantation
Technical problems, like the rapid loss of the trans-
planted cells and difficulty in maintaining cell ad-
herence on restoration of blood flow, hampered ini-
tial attempts to re-endothelize denuded areas. In
studies of swine femoral arteries, Nabel and col-
leagues achieved only 2–11% adherence of cells to
the denuded arterial wall following 30 minutes of
reseeding [35]. Conte et al., using genetically mod-
ified venous endothelial cells for reseeding the sur-
face of a balloon-injured rabbit femoral artery, re-
ported significantly enhanced (40–90%) coverage
of the denuded intima with transplanted cells [36].
However, their method required surgical exposure
of the vessels and complete flow occlusion.

Proceeding on similar lines, various groups have
also demonstrated that intravenous infusion of

EPCs enhances endothelial healing and reduces
neointima formation after vascular injury [37, 38].
Rotmans and colleagues hypothesized that attract-
ing EPCs onto grafts should promote endothe-
lial healing and reported rapid endothelization of
CD34-antibody-coated PTFE grafts in a porcine
model of arteriovenous fistula [31]. Although an
appealing concept, the function of homing EPCs
reconstituting the intimal layer is largely unknown,
and indeed in the study of Rotmans et al., enhanced
endothelization of PTFE grafts with CD34 cells was
associated with greater neointima formation [31].

Mobilization of the endogenous resident pool of
progenitor cells from bone marrow, using granu-
locyte colony-stimulating factor, has also been re-
ported to enhance the endothelization and patency
of small-caliber prosthetic grafts [39]. However,
caution needs to be exercised with this approach
as the MAGIC trialists reported an increased rate of
in-stent restenosis in coronary angioplasty patients
who received granulocyte colony-stimulating factor
injections, and the clinical trial had to be terminated
prematurely [40].

There is experimental evidence, using statins, for
mobilizing the endogenous pool of EPCs to in-
fluence the course of atherosclerosis [41]. Despite
holding great potential, further exploration into
control mechanisms for homing of the right kind of
endothelial progenitors and their interaction with
paracrine signals and surrounding tissues is neces-
sary and should provide additional insights into this
novel approach to treatment of restenosis.

Sources of EPC for therapeutic
vasculogenesis
A critical limitation for EPC-based strategies
progressing to therapeutic application is their low
number in the circulation (see also Chap. 5), which
is even lower in patients with cardiovascular risk
factors [33, 34]. Approaches to overcome this prob-
lem include the use of cord blood or mobilization of
EPCs by cytokines, growth factors, or drugs. Umbil-
ical cord blood or granulocyte colony-stimulating
factor mobilized blood of adults contains up to ten-
fold higher number of EPCs [42]. Cord blood cells
also have a greater proliferative capacity [42]. VEGF
gene transfer has been shown to mobilize EPCs in
human subjects [43]. Statins not only enhance the
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number of circulating EPCs [41] but also stimulate
their incorporation at the site of vascular injury.

Another promising source of progenitor cells for
cell-based therapies is adipose tissue [44]. Coating
stents with the microvascular endothelial cell frac-
tion of adipose stromal cells has been shown to en-
hance stent patency in an animal model [45]. The
key benefits of using pluripotent adipose stromal
cells for autologous cell therapy are the ease with
which they can be isolated and their relative abun-
dance. Approximately 105–106 cells can be isolated
from 5 to 10 g of subcutaneous tissue. Because the
simple outpatient liposuction can often yield 1 L of
fat tissue even in nonobese patients, 108–109 cells
can be isolated from a single individual.

Perivascular endothelial cell therapy
Nugent and Edelman used endothelial cell implants
to control vascular repair in a porcine model of arte-
rial injury (balloon injury to carotid) [46]. Seeding
endothelial cells at the luminal surface of a blood
vessel/graft is technically difficult and allows ap-
plication of only a limited number of cells at the
desired vascular sites. To address these issues, en-
dothelial cells were cultured on three-dimensional
polymer matrices (gelfoam), with retention of via-
bility and normal growth kinetics and biochemical
activity, and these implants were placed on the ad-
ventitial side of the injured blood vessel. Porcine
and bovine endothelial implants significantly re-
duced experimental restenosis by 56 and 31%, re-
spectively, 3 months after angioplasty compared to
controls. No implanted cells or focal inflammatory
reactions were detected histologically at any of the
implant sites at 90 days. A significant increase in an-
tibody titers against endothelium was noted in ani-
mals receiving bovine (xenogenic) but not porcine
(allogenic) implants. They concluded that endothe-
lial cell implants, even when applied distant from
the intimal side, can repair injured endothelium
and maintain patency on a long-term basis and
that allogenic implants were better than xenogenic
implants.

On repeating the same study in a porcine model of
arteriovenous fistula [47], these investigators were
also able to demonstrate that perivascular allogenic
endothelial cell implants, or compounds released
by them, reduced neointimal proliferation by influ-
encing early neutrophil infiltration into the anas-

tomotic site. There was no correlation between the
effects on intimal hyperplasia and the humoral re-
sponse in animals with increased levels of circulat-
ing antibodies, suggesting that the implants influ-
enced vascular repair in advance of eliciting effective
immune responses.

Tissue-engineered neovessels
The ideal small-caliber arterial substitute has
to possess specific physiological and mechanical
characteristics to support the normal function
of the vessel. The discovery of the paracrine re-
lease of vasoactive substances such as prostacy-
clin, prostaglandins, and nitrous oxide, in addition
to angiotensin-converting enzyme, anticoagulants,
and antifibrinolytics by EPCs, signaled the impor-
tance of endothelial cell incorporation into graft
design.

Suitability of EPCs for seeding prosthetic grafts
to enhance biocompatibility has been suggested in
a few recent studies [48]. Griese and colleagues
showed that PTFE grafts seeded with EPCs, used
for carotid interpositional grafting, were rapidly en-
dothelized [37]. Using a similar strategy, Kaushal
et al. showed that the implantation of EPCs onto
decellularized porcine iliac vessels, implanted as a
coronary interposition graft, reconstituted a func-
tional endothelial layer with improved vasodilatory
function and prolonged patency of the grafts [49].
EPCs have also been used in designing bioengi-
neered stents. Shirota and colleagues have reported
that EPCs can efficiently seed photo-cured gelatine-
coated metallic and microporous thin segmented
polyurethane stents [50]. This report raises the po-
tential of using EPC-seeded stents in angioplasty to
reduce in-stent restenosis and thrombosis.

Genetically engineered endothelial
cell implants
Tissue engineering techniques enable implantation
of progenitor cells that have been genetically modi-
fied to produce specific compounds. Implants con-
taining genetically modified EPCs [51–53] could
then be used to dissect the critical components of
vascular response to injury and allow the design
of more effective treatment. VEGF 165 gene trans-
fer has been shown to enhance the number of cir-
culating EPCs, thus contributing to vasculogenesis
in patients with severe inoperable coronary artery
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disease [54]. Kong and colleagues demonstrated
that denuded carotid arteries treated with eNOS-
expressing EPCs had enhanced inhibition of the
neointima and reduced the incidence of thrombo-
sis compared with vessels treated with the control
vector [55]. Genetic engineering is also useful in de-
signing strategies to improve EPC homing and sur-
vival. Overexpression of human telomerase reverse
transcriptase was reported to enhance the prolifer-
ative and migratory capacity of EPCs in response to
VEGF stimulation, leading to improved neovascu-
larization of the ischemic limb [56].

Perlecan is a major proteoglycan secreted by cul-
tured endothelial cells and is a potent inhibitor of
SMC proliferation. Nugent et al. generated a stable
clone of bovine aortic endothelial cell, transfected
with an antisense vector targeting domain III of
perlecan, which produced significantly less perlecan
[53]. When Gelfoam matrices containing trans-
fected endothelial cells were implanted adjacent to
injured porcine arteries, these cells were less effec-
tive at inhibiting neointimal proliferation compared
to controls (endothelial cells containing vector
only) and also experienced a higher rate of occlusive
thrombosis. These results suggest that endothelial
control over intimal thickening results from a com-
bination of perlecan and other secreted cell-based
products. When one important factor (perlecan)
was removed, the implanted cells were completely
ineffective at preventing occlusive thrombosis and
intimal thickening. These observations may explain
why single cell events, thought to be involved in
either thrombosis or SMC proliferation, do not
lead to full control of vascular homeostasis and fail
to translate into meaningful treatments.

Summary and future perspectives

Despite early encouraging results indicating an
atheroprotective role for EPCs, several issues need
clarification prior to their widespread clinical ap-
plication. There is an urgent need to standardize
protocols for isolation and cultivation of vascular
progenitor cells, which in turn mandates that we
can identify (specific biomarkers) progenitor cells of
interest. To date, much of the experience of progen-
itor culture has been derived from single cell popu-
lations grown in two dimensions. The interactions
of multiple cell lines grown in a complex architec-

tural lattice are poorly understood. Clarification is
needed regarding the nature of mobilizing, migra-
tory and homing signals, and the mechanisms of
differentiation and interaction with the target tis-
sues. Strategies need to be developed to increase
the number of vascular progenitors so that an ad-
equate number of cells can be harvested for thera-
peutic application. We also need to understand how
to optimize retention and survival of transplanted
cells. The issues of timing of cell administration and
the optimal cell numbers needed have to be simul-
taneously addressed. Large-scale randomized, con-
trolled trials will be essential for defining the clinical
conditions most likely to benefit from such thera-
peutic maneuvers and answer the questions related
to the safety of these approaches. The latter issue
is of paramount importance, especially given the
concerns regarding proatherogenic effects, neovas-
cularization of occult neoplasias, and the potential
for aggravating vasculopathies like diabetes. In sum-
mary, vascular progenitors have been shown to pos-
sess both an antiatherogenic as well as a proathero-
genic action. Only a clear understanding of factors
controlling these phenomena will allow vascular
progenitor-based therapies to ultimately gain wider
clinical application.
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7 CHAPTER 7

Cardiac side population cells:
phenotype and functional
significance

Ronglih Liao, PhD, Frederic Mouquet, MD, PhD, &
Otmar Pfister, MD

Introduction

The characterization of a cell’s “stemness” has been
based largely upon functional properties includ-
ing the ability for self-renewal, proliferation, and
differentiation into multiple cell types [1]. These
unique biological properties are not linked to a sin-
gle specific molecular marker, and as such, com-
binations of different stem cell associated markers
have been used to identify putative stem cells within
a tissue, including the cell surface molecules c-kit,
Sca-1, and CD34 [2]. Recently, additional purifi-
cation strategies, which take advantage of the dis-
tinct functional properties of stem cells, have been
introduced. Such techniques involve staining with
vital dyes such as Rhodamine 123 or Hoechst 33342
[3]. Hoechst staining is commonly used to deter-
mine cellular DNA content, as it stoichometrically
binds to DNA. The usefulness of Hoechst dye to
serve as a stem cell probe relies on the characteristic
ability of stem cells to efficiently efflux the dye via
ATP-binding cassette (ABC) transporter proteins
such as multidrug resistance 1 (Mdr1a/1b in mouse;
Mdr1 in human) and ABC superfamily G, member
2 (Abcg2) (also known as breast cancer resistance
protein 1, Brcp1) [4–6]. Putative stem cells within
Hoechst stained cell suspensions can, therefore, be
identified as the cellular fraction with the lowest
Hoechst fluorescence intensity upon fluorescence-
activated cell sorting (FACS) analysis. Hoechst-low
cells characteristically appear to the side of Hoechst

dye-retaining cells in the FACS profile, thus and are
termed side population (SP) cells [7]. Hoechst efflux
by ABC transporters is energy and calcium depen-
dent, and inactivation of the ATP-binding site by fu-
mitremorgin C or calcium inhibition by verapamil
efficiently blocks the Hoechst efflux phenomenon
[8]. Thus, fumitremorgin C and verapamil are rou-
tinely used to document the specificity of the SP
profile during FACS analysis.

SP cells were first identified and characterized in
murine bone marrow cell suspensions, where they
account for 0.05–0.1% of total mononuclear cells
[7]. Phenotypic analysis of these cells demonstrated
high enrichment for hematopoietic stem cell surface
markers, as well as a high degree of stem cell activity,
as demonstrated by a 1000-fold increase in in vivo
reconstitution activity in competitive repopulation
experiments [7]. This hematopoietic reconstitution
activity is comparable to the enrichment achieved
by purification of hematopoietic stem cells using
conventional combination of cell surface markers.
Therefore, the Hoechst efflux phenomenon has be-
come a highly useful primary purification technique
for the isolation of putative hematopoietic stem cells
in the absence of cell surface markers.

Over the last decade, tissue resident stem cell
populations have become a major focus in stem
cell biology. In contrast to the fairly well character-
ized phenotype of bone-marrow-derived stem cells,
stem cell populations in solid organ systems still
suffer from the lack of specific cell-surface markers.
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Recently, the approach to isolate putative stem cells
according to their capacity to efflux Hoechst dye has
been successfully translated to various solid tissues.
To date, SP cells with documented stem/progenitor
cell function have been identified and characterized
in various solid organs, including the pancreas, pi-
tuitary, testis, mammary gland, lung, liver, skele-
tal muscle, and recently, the heart (for review see
[9, 10]), the latter being the subject of this chapter.

Phenotypic characterization and
origin of cardiac SP cells

Cardiac cells exhibiting a verapamil-sensitive SP
phenotype were first identified by Hierlihy et al.
[11]. Through a slight adaptation of previous bone
marrow SP cell isolation techniques, these investi-
gators revealed a Hoechst effluxing subpopulation
of cells during FACS analysis of cardiac cell suspen-
sions, similar to that shown in Figure 7.1. Although
various groups have since shown the ability to iso-
late such cardiac SP cells, significant differences in
regard to the reported SP cell yield, ranging several
orders of magnitude—from 0.03 to 3.5% of total
mononucleated cardiac cells—have been reported
in the literature [11–15]. Such differences poten-
tially relate to the numerous variables involved in
the technical process of SP isolation. Slight varia-
tions in tissue digestion, cell counting, Hoechst con-
centration, and most importantly, the stringency of
SP gating may significantly influence the yield of
sorted SP cells. In addition to overall yield, signif-
icant variability also exists in reported cell surface
marker expression for cardiac SP cells [11–15]. We
have found a large degree of immunophenotypic
variation among cardiac SP cells, particularly in re-

gard to the expression of CD31 (PECAM-1) and
to a lesser extent to Sca-1 [14]. Interestingly, im-
munophenotyic composition as well as the abun-
dance of cardiac SP cells significantly changes with
age [11, 15]. Therefore, age-related differences, in
addition to differences in SP purification proto-
cols, may account for such variations seen with
cardiac SP cell characterization. Consistently, how-
ever, adult cardiac SP cells have been shown to ex-
press Sca-1 but lack hematopoietic markers such as
CD45 and CD34, thus suggesting a nonhematopoi-
etic phenotype [12–14]. Consistent with this phe-
notype, cardiac SP cells failed to exhibit signifi-
cant hematopoietic potential when cultured in a
medium supporting the formation of hematopoi-
etic colonies [9]. This is in contrast to the SP
cell populations found in other solid tissues such
as skeletal muscle, liver, and lung, which express
CD45 and exhibit concomitant hematopoietic po-
tential [9, 16, 17]. The presence of CD45+ SP cells
with hematopoietic potential in these peripheral or-
gans led to the natural hypothesis that solid-tissue-
derived SP cells may originate from bone marrow
SP cells. Indeed, transplantation experiments with
green fluorescent protein (GFP)-expressing bone
marrow cells following lethal irradiation in mice
have demonstrated a large contribution of bone-
marrow-derived (GFP+) SP cells to lung SP cell
populations under normal conditions [18]. In con-
trast, however, bone marrow cells did not contribute
significantly to cardiac SP cell populations during
normal postnatal heart development [19]. A re-
cent study, using double transgenic mice encod-
ing protein 0-Cre/Floxed-GFP to track neural-crest-
derived cells, has suggested that the cardiac neural
crest may, in fact, be the origin of neonatal cardiac

Figure 7.1 Phenotypic characteristic of
cardiac side population (CSP) cells. (A)
FACS analysis of a cardiomyocyte-
depleted nucleated cell suspension
following isolation from adult mouse
hearts and staining with Hoechst 33342
dye, demonstrating distinct Hoechst
extruding CSP and nonextruding main
population (MP) cells. (B) FACS analysis
following treatment with the ABC
transporter inhibitor, fumitremorgin C,
demonstrating inhibition of Hoechst
efflux from CSP cells.
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SP cells [15]. Future studies are needed to definitely
determine the developmental origin of cardiac SP
cells.

Gene expression profiling of
cardiac SP cells

In order to better define the transcriptional profile
of cardiac SP cells, Martin et al. performed global
gene expression array studies on isolated cardiac SP
cells from postnatal murine hearts in comparison
with embryonic stem cells, bone-marrow-derived
SP cells, and adult cardiomyocytes [12]. This analy-
sis revealed a common molecular program between
cardiac SP cells and embryonic stem cells involving
the Notch and TGFβ signaling pathways as well as
cell cycle regulatory proteins. Moreover, cardiac SP
cells were shown to exhibit induction of protective
gene programs involving stress pathways, detoxi-
fication, and oxidative stress. As expected, cardiac
SP cells exhibited profound expression of known
molecular determinants of the SP phenotype, the
ABC transporter Abcg2, and Mdr1, similar to that
demonstrated in bone marrow SP cells [12]. Tran-
scriptional profiling studies further revealed up-
regulation of many transcriptional regulators in car-
diac SP cells, including the MDS box transcription
factors of the MEF2 family, which are crucial for
cardiomyogenesis [12]. Results from our labora-
tory have demonstrated expression of early cardiac
and endothelial transcription factors in freshly iso-
lated cardiac SP cells, without expression of mature
markers of cardiomyogenesis, including myofila-
ment structural genes [14]. Taken together, these
genetic profiling studies suggest that cardiac SP cells
represent primitive cells, which share common gene
programs with embryonic and hematopoietic stem
cells but lack markers specific for cardiac differen-
tiation [12, 14]. Also, notably, cardiac SP cells share
many gene expression features with previously well-
characterized c-kit+/lin− cardiac progenitor cells
described by Anversa and colleagues [20], including
expression of c-kit, Sca-1, and Mdr1 genes. How-
ever, in contrast to c-kit+/lin− cardiac progenitor
cells, which are specifically purified according to
their c-kit antigen cell surface expression, cardiac
SP cells exhibit limited c-kit expression, as assessed
by FACS analysis, though this may be due to en-

zymatic cleavage during the preparation of the cell
suspensions before Hoechst staining [12, 14].

Differentiation potential of
cardiac SP cells

Tissue-derived SP cells in the liver, skeletal muscle,
mammary gland, and testis have all been shown to
differentiate into cell lineages of their harboring or-
gan [10]. With the recent identification of SP cells
in the myocardium, much attention has been dedi-
cated to the investigation of the cardiomyogenic po-
tential of cardiac SP cells. Hierlihy et al. and Mar-
tin et al. first reported expression of connexin 43
and α-sarcomeric actinin, respectively, in cardiac
SP cells cocultured with other cardiac cells [11, 12].
Our results demonstrate the capacity for biochem-
ical and, more importantly, functional cardiomyo-
genic differentiation in cardiac SP cells [14]. No-
tably, our study demonstrated that among cardiac
SP cells, cardiomyogenic differentiation is restricted
to cells negative for CD31 expression and posi-
tive for Sca-1 expression (CD31−/Sca-1+ SP cells)
[14]. These cells adhere to laminin-coated culture
dishes and robustly expressed proteins of the MEF2
and GATA family—crucial transcriptional regula-
tors for cardiomyogenic differentiation. Such tran-
scription factor expression was shortly followed by
expression of cardiac-specific contractile proteins,
including α-sarcomeric actinin and troponin I.

Despite such robust cardiac protein expression,
cardiac SP cells lacked proper sarcomeric organiza-
tion and contractile activity indicative of an imma-
ture cardiomyogenic phenotype. Additional stimuli
mediated through cellular interaction and elec-
tromechanical coupling with cardiomyocytes were
necessary to promote further maturation of cardiac
SP cells [14]. In this in vitro system, coupled car-
diac SP cells developed full sarcomeric organization,
with ordered myofibrils and a clear striation pattern,
and exhibited spontaneous as well as stimulated
contraction in synchrony with adjacent cardiomy-
ocytes (Figure 7.2). Intracellular calcium measure-
ments in contracting cardiac SP-cell-derived cardio-
myogenic cells demonstrated intracellular calcium
transients indistinguishable from those seen in co-
cultured adult cardiomyocytes. Importantly, this
differentiation process occurred independently of
cellular fusion with cardiomyocytes. These studies
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Figure 7.2 Cardiomyogenic differentiation of cardiac SP
cells cocultured with adult cardiomyocytes. Fluorescence
images of (A) GFP-expressing cardiac SP cells (green)
cocultured with adult cardiomyocytes, (B) with
immunofluorescent detection of α-actinin (red), and (C)

with DAPI nuclear costain (blue). (D) Merged images show
areas of colocalization (yellow). The large arrowheads
point to two cardiomyogenic differentiated cardiac SP cells
with clearly organized sarcomeric structures, while the
small arrow points to a cocultured adult cardiomyocyte.

demonstrated for the first time that CD31−/Sca-
1+ cardiac SP cells isolated from postnatal murine
hearts have the capacity for differentiation into
functional cardiomyocytes. In contrast, cardiac SP
cells expressing the endothelial marker CD31 failed
to undergo cardiomyogenic differentiation, but dif-
ferentiated into endothelial cells if cultured in en-
dothelial cell growth promoting media, suggesting
that these cells were already committed to the en-
dothelial cell lineage (O. Pfister and R. Liao, unpub-
lished data).

Recent studies by Tomita and colleagues demon-
strated the generation of neurosphere-like clusters,
referred to as cardiospheres, from neonatal cardiac
SP cells [15]. Similar to the cardiospheres described

by Messina et al. [21], cardiospheres derived from
cardiac SP cells have been shown to harbor clono-
genic cells with remarkable multilineage differenti-
ation potential [15]. Dissociated cells from such car-
diospheres exhibited expression of cardiac, smooth
muscle, and neuronal genes and proteins, thus fur-
ther supporting the assumption that cardiac SP
cells might derive from the cardiac neural crest.
While the in vitro cardiomyogenic differentiation
potential of cardiac SP cells has been consistently
demonstrated by various groups, less is known
about the capacity of these cells to generate car-
diomyocytes in vivo. Recently, Komuro and col-
leagues studied the homing and differentiation ef-
ficiency of intravenously injected cardiac-derived
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cells in a myocardial cryoinjury rat model [22]. In
this study, neonatal rat cardiac SP cells were shown
to home with much higher efficiency into the in-
jured myocardium than cardiac cells lacking the SP
phenotype. Weeks after intravenous cell injection,
homed cardiac SP cells showed robust expression
of GATA4, α-sarcomeric actinin, von Willebrand
factor, smooth muscle actin, and vimentin, sug-
gestive of their differentiation into cardiomyocytes,
endothelial cells, smooth muscle cells, and fibrob-
lasts [22]. In contrast, injected non-SP cells lacked
expression of cardiomyogenic markers. Although
these results support the notion of cardiomyogenic
differentiation of cardiac SP cells in vivo, further
in vivo studies are warranted to thoroughly charac-
terize cardiac SP cells following their implantation
into the adult myocardium.

Functional significance of cardiac
SP cells

As the SP phenotype is defined by the ability to
efflux Hoechst dye in vitro rather than by a spe-
cific molecular marker, identification of SP cells
in situ remains technically difficult, limiting cell
tracking and functional studies of cardiac SP cells
in vivo. To date, investigation of SP cell function
in vivo has been limited to labeled transplantation
experiments, in which defined populations of la-
beled SP cells have been reintroduced into animals
to study their fate and function. Such transplan-
tation experiments in cardio-injured animals con-
sistently demonstrate high affinity of cardiac SP
cells to injured myocardium. Injection of labeled
cardiac SP cells into the remote, noninjured my-
ocardium demonstrated migration of labeled cells
from the remote area to the infarct border zone
(F. Mouquet and R. Liao, unpublished data), sim-
ilar to previously labeled c-kit+ cardiac progen-
itor cells [23]. Moreover, intravenously injected
GFP+ cardiac SP cells specifically home to areas of
injured myocardium, and express cardiac-specific
proteins [22], raising the possibility for myocardial
repair.

In order to more specifically delineate the re-
sponse of endogenous cardiac SP cells to myocardial
injury, we recently performed a serial assessment
of cardiac SP pools in mice hearts following my-
ocardial infarction [19]. Results obtained from this

study demonstrated that cardiac SP cells are acutely
depleted after myocardial infarction, most likely
because of necrotic cell death within the infarct
area. Notably, however, their numbers recovered
to preinjury levels within 7 days after acute my-
ocardial infarction. This rapid reconstitution of
cardiac SP cell pools involved an injury-triggered
activation of endogenous cardiac SP cell prolif-
eration as well as myocardial homing of bone-
marrow-derived SP cells. Activation of the endoge-
nous cell proliferation was evidenced by an increase
of Ki67+ cardiac SP cells 3 days following my-
ocardial infarction. The homing of bone marrow-
derived SP cells was demonstrated by the detec-
tion of GFP+ cardiac SP cells following myocardial
infarction in the GFP bone-marrow-transplanted
mice. Also, immunophenotypic characterization of
bone-marrow-derived SP cells, following migration
to injured myocardium, demonstrated a phenotypic
shift with loss of CD45 expression, suggesting a
cardiac-niche-dependent conversion of bone mar-
row SP cells to cardiac SP cells [19]. It remains to
be determined whether such bone marrow-derived
cardiac SP cells exhibit the same functional proper-
ties as their endogenous counterparts, or whether
their capacity for cardiomyogenic differentiation is
reduced because of their noncardiac origin.

The stem cell-like transcriptional gene profile,
the ability to differentiate into functional cardiomy-
ocytes in vitro, as well as the activation, migra-
tion, and homing of cardiac SP cells into areas
of injury after myocardial infarction strongly sug-
gest that cardiac SP cells represent a cardiac pro-
genitor population involved in cardiac homeosta-
sis and repair. Importantly, cardiac SP cells express
the ABC transporters Abcg2 and Mdr1 [12], both
of which are involved in promoting cell survival
and protection from environmental stressors, par-
ticularly under hypoxic conditions [24, 25]. Abcg2
is regulated by the hypoxia-inducible transcription
factor complex, emphasizing the particular role of
this molecule in hypoxia. Recent studies demon-
strated that primitive cells lacking Abcg2 exhibited
poor survival under low-oxygen condition because
of the deleterious accumulation of heme degra-
dation products such as porphyrins [26]. Indeed,
porphyrins were shown to represent specific sub-
strates of the Abcg2 transporter, suggesting that
this transporter is crucial for the maintenance of
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porphyrin homeostasis in progenitor cells exposed
to hypoxia [26]. Increased expression of the cell sur-
face P-glycoprotein encoded by the Mdr1 gene is best
known for its ability to provide intrinsic and ac-
quired multidrug resistance in various cancer cells.
In addition to its capacity to efflux cytotoxic sub-
strates, Mdr1 has also been shown to play a fun-
damental role in promoting cell survival by con-
ferring resistance to apoptotic stimuli exerted by
Fas ligand and tumor necrosis factor. By inhibit-
ing the activation of caspases 3 and 8, downstream
targets of the apoptotic cascade, Mdr1 prevents the
final execution of apoptotic cell death [27]. More-
over, Mdr1 also provides protection from cell ly-
sis induced by activated complement [28]. Such
protection mechanisms from a wide range of cy-
totoxic stimuli are crucial to enable the long-term
survival of cardiac progenitor cells. Particularly af-
ter ischemia/reperfusion injury, myocardial cells are
subjected to increased apoptosis and complement
activation. The increased ABC transporter activity
present in cardiac SP cells may therefore protect
these progenitor cells against such an adverse local
environment. Moreover, expression of a wide panel
of antioxidant enzymes such as glutathione perox-
idase and superoxide dismutase enables cardiac SP
cells to maintain intracellular redox balance even
under conditions of increased oxidative stress [12],
which also is present in the myocardium following
ischemia.

Further in vivo studies are needed to address the
functional significance of cardiac SP cells in car-
diac homeostasis and repair. In particular, novel
methods for tracking cardiac SP cells in vivo are
required to fully understand their role in cardiac
repair following myocardial injury. Furthermore,
whether expression of prosurvival transporters and
in vivo differentiation of cardiac SP cells translates
into functional improvement of remodeling and
cardiac performance following myocardial infarc-
tion has yet to be investigated thoroughly, partic-
ularly in comparison with the transplantation of
non-SP cells.

Conclusion and outlook

Resident progenitor cells, e.g. cardiac SP, can be pu-
rified according to their increased Hoechst efflux
capacity using FACS analysis. These cardiac SP cells

are enriched in cardiac progenitor cell activity, ex-
hibiting both self-renewal as well as the capacity for
differentiation into functional cardiomyocytes, en-
dothelial cells, and smooth muscle cells, both in vitro
and in vivo following myocardial injury. As Hoechst
dye efflux is an active biological process, cardiac SP
cells represent a relatively heterogeneous cell popu-
lation compared to other putative progenitor cells
isolated by a definitive cell surface profile. Future
studies on cardiac SP cells will help to further de-
fine specific molecular markers for identification
and tracking of SP cells, to identify subpopulations
or cardiac SP cells further enriched for differentia-
tion, and to specifically address the functional sig-
nificance of the ABC transporter system in cardiac
progenitor cell biology. Also, future studies are re-
quired to effectively expand isolated cardiac SP cells
in vitro and to determine the functional significance
of both endogenous and implanted cardiac SP cells
on myocardial homeostasis and repair. While our
understanding of cardiac SP cells remains incom-
plete, recent work has raised the potential of har-
nessing these cells for cardiovascular repair.
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8 CHAPTER 8

Phenotype and function of
c-kit+-derived amplifying myocytes

Rachel Wilson, BS, Xiongwen Chen, PhD, Hajime Kubo, PhD,
Remus Berretta, BS, & Steven R. Houser, PhD

Introduction

In the nineteenth century the basis of cardiac en-
largement during normal postnatal growth and in
response to pathological cardiovascular stress was
thought to involve both hypertrophy (myocyte en-
largement) and hyperplasia (an increase in myocyte
number via cellular proliferation). By the twenti-
eth century, however, the view that new myocytes
could be generated in the postnatal heart was disre-
garded by most investigators because of their inabil-
ity to observe mitotic figures in intact myocardium
and the inability to induce myocyte proliferation in
vitro. Thus, for most of the last century, the heart
has been considered a terminally differentiated or-
gan composed of myocytes that lose their ability to
divide shortly after birth [1]. This scenario leaves
the postnatal myocardium with a limited capacity
to respond to both physiological and pathological
stressors that require an increase in cardiac mass.

The recent discovery of a population of resident
cardiac stem cells (CSCs) with the capacity to dif-
ferentiate into cardiac myocytes challenges the view
that the heart is a terminally differentiated organ
with no capacity for new myocyte generation. A
number of recent studies from several different lab-
oratories show that stem cells capable of differen-
tiating into functional cardiac myocytes are resi-
dent in the heart [2–4] or can be derived from
hematopoietic precursors [5–7]. The fact that new
myocytes can be formed from resident CSCs is con-
sistent with the hypothesis that these cells are part
of a homeostatic process for endogenous repair or
maintenance of the normal heart.

In recent studies from our group, reviewed in
this chapter, we have examined the idea that new
myocyte formation contributes to adolescent heart
growth. Increases in cardiac mass in response to
hemodynamic stress have long been considered the
exclusive result of myocyte hypertrophy and in-
terstitial proliferation, but recent studies have re-
asserted the postulate that this cardiac enlargement
results from both cellular hypertrophy and hyper-
plasia [8–10]. These studies of diseased hearts will
not be reviewed further here. Our studies with ado-
lescent large mammals have examined the idea that
the young adult heart has the capacity to generate
new myocytes from a pool of resident c-kit+ stem
cells and that the period of rapid cardiac growth
that precedes sexual maturity involves an increase in
myocyte number. In these studies we have identified
newly formed cardiac myocytes and have measured
their physiological properties. In this chapter we re-
view the evolving evidence from our laboratory and
from other groups that supports the idea that new
myocytes, with unique physiological properties, can
be derived from resident c-kit+ CSCs. We compare
and contrast the properties of these newly formed
adult myocytes to neonatal and adult cardiac my-
ocytes.

Stem cells can differentiate into
cardiac myocytes

A number of studies have shown that stem
cells from a variety of sources have the capac-
ity to differentiate into cells expressing cardiac
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myocyte-specific proteins. CSCs, mesenchymal
stem cells, hematopoietic stem cells, and blood-
derived endothelial progenitor cells from humans
[11, 12] and rodents [13–15] can differentiate into
cells expressing cardiomyocyte-specific proteins, es-
pecially when cocultured with neonatal cardiac my-
ocytes. Most of these studies have used staining
techniques to identify differentiated cell types and
have not characterized the physiological properties
of the newly formed, stem cell-derived myocytes.
Only a few studies have examined the functional
properties of these cells. Human endothelial pro-
genitor cells that were cocultured with neonatal rat
myocytes for 6 days formed gap junctions with the
neonatal cells and exhibited calcium transients sim-
ilar to and synchronized with those in the neonatal
rat myocytes [11]. Stem cell antigen-1 positive (Sca-
1+) cells isolated from the adult mouse heart and
cocultured with adult rat myocytes demonstrate gap
junction formation with the cocultured adult my-
ocytes, and respond to electrical stimulation with
cellular contractions and calcium transients indis-
tinguishable from the adult myocytes [15]. Human
embryonic stem cells can form spontaneously beat-
ing cardiac myocytes in vitro, with stimulated con-
tractions and action potentials similar to those seen
in the embryonic heart [16]. These studies show
that several types of stem cells have the capacity to
differentiate into cells with cardiac myocyte prop-
erties when cocultured with neonatal myocytes, al-
though some studies have not been able to induce
stem cells to differentiate into functional myocytes
with these approaches [17]. The cellular and molec-
ular bases for the differentiation and/or prolifera-
tion of a stem cell into a cardiac myocyte in the
presence of a neonatal myocyte are yet to be deter-
mined. Clearly, CSCs and other stem cell types can
differentiate into cells that express cardiac myocyte
proteins in the absence of neonatal myocyte cocul-
ture [4]. However, these cells appear to be function-
ally less competent (P. Anversa, personal commu-
nication). One study suggests that contact between
islet-1-expressing cardiac cells and fixed neonatal
myocytes is sufficient to induce stem cell differenti-
ation [18], but this result is yet to be confirmed by
others.

What seems clear from the studies performed to
date is that coculturing stem cells with functional
neonatal myocytes promotes differentiation of these

cells into cardiac myocytes. While the phenotype of
these myocytes has been examined, no clear picture
of the type of cardiac myocyte that develops has
evolved. The expectation that the stem cell-derived
cardiac myocyte in coculture with neonatal cardiac
myocytes, would have properties like those of an
adult myocyte seems unrealistic. It is well known
that adult myocytes change their structure and func-
tion in primary culture, so even they do not have the
properties they exhibit in vivo [19]. Therefore, the
properties of stem cell-derived cardiac myocytes in
culture are not easily predicted, but are not expected
to be like those of myocytes freshly isolated from
the normal adult myocardium. However, if these
stem cell-derived cardiac myocytes are at low den-
sity and are electrically coupled to neonatal my-
ocytes, they will have resting and action potentials
similar to those of the neonatal myocytes to which
they are connected. This would be the case even if
the newly formed myocytes expressed ion channels
and Ca2+ regulatory proteins distinct from those
of the neonatal myocytes. Newly formed myocytes
in coculture with neonatal myocytes should have
basal electrical properties similar to neonatal my-
ocytes, including a less well-polarized resting poten-
tial, spontaneous membrane depolarization (and
beating), and action potentials with long duration
plateau phases [20–22]. The types of ion channels
and Ca2+ regulatory proteins expressed by these
new myocytes have not yet been fully characterized,
but it seems clear that these cells will not have prop-
erties of mature adult ventricular myocytes, since
adult myocytes in primary culture revert to a less
well-differentiated state as mentioned earlier. The
studies performed to date show that a variety of
stem cells have the capacity to differentiate into car-
diac myocytes and that the environment generated
by neonatal myocytes in primary culture promotes
this differentiation by processes that are yet to be
fully determined. This neonatal coculture system
will be useful for studies that seek to identify those
factors that regulate stem cell differentiation into a
variety of cardiac cell types.

Feline c-kit+cardiac stem cells

During adolescence (age 3–8 months in felines),
mammals experience a rapid growth phase during
which both their body and heart weights rapidly
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Figure 8.1 The experimental design of our studies to
explore the hypothesis that c-kit+ cardiac stem cells
differentiate into new cardiac myocytes. Adolescent male
cats received a constant infusion of BrdU (10 mg/(kg day))
for 7 days via osmotic minipumps. The heart was then
excised and enzymatically dissociated. Differential
centrifugation and filtration followed by magnetic cell
sorting was used to separate c-kit+ small cells from

myocytes. c-kit+ cells were plated individually and used for
clonal colony formation or cocultured (after infection with
GFP-containing adenovirus) with neonatal rat myocytes.
Isolated feline myocytes were either used for
electrophysiological and functional measurements (action
potential, myocyte contraction, calcium transients, calcium
currents) or fixed and used for immunocytochemistry
(BrdU, Ki67).

increase. We used enzymatic dissociation tech-
niques to isolate myocytes and CSCs from the hearts
of felines in this age range (Figure 8.1). Using mag-
netic cell sorting, we obtained a population of small
c-kit+ (a stem cell marker) stem cells from these
hearts and used limiting dilution techniques to cul-
ture single c-kit+ cells. These single c-kit+ CSCs
were clonogenic, self-renewing, and capable of dif-
ferentiating into cells expressing cardiac myocyte-
specific transcription factors (myocyte-enhancing
factor 2c) and proteins (cardiac actin). However,
these cells neither beat spontaneously nor respond
to field stimulation under the conditions we have
tested to date. Therefore, we placed these c-kit+

CSCs into coculture with neonatal rat ventricular
myocytes. c-kit+ CSCs were infected with an aden-
ovirus containing green fluorescence protein (GFP)

so that these cells could be identified when placed
in coculture with unlabeled neonatal rat ventric-
ular myocytes. These GFP-expressing cells differ-
entiated into beating cells that expressed cardiac-
specific proteins (α-sarcomeric actin), and these
new cardiac myocytes were electrically coupled to
the neonatal myocyte feeder layer via gap junc-
tions, demonstrated by connexin 43 staining. Newly
formed c-kit+-derived cardiac myocytes had spon-
taneous action potentials, and electrical stimulation
also evoked action potentials at different rates. The
evoked and spontaneous action potentials were sim-
ilar to those of the neonatal myocytes to which
these cells were electrically coupled. When ex-
posed to the β-adrenergic agonist isoproterenol, the
c-kit+-derived cardiac myocytes had an increased
beating rate and an increase in the size of their
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cytosolic Ca2+ transient. These studies show that
the adolescent feline heart contains a resident pop-
ulation of c-kit+ stem cells that have the ability to
self-renew and differentiate into functionally com-
petent new cardiac myocytes, with the capacity to
integrate (electrically couple) with neighboring my-
ocytes. Our next step was to explore the idea that
functionally competent new myocytes from c-kit+

CSCs are formed in vivo, under normal physiolog-
ical conditions. We specifically studied this idea in
the adolescent heart, during a time when heart size
is rapidly increasing.

New myocyte formation in the
adolescent feline heart

We are currently testing the hypothesis that new my-
ocytes are generated from c-kit+ CSCs in the ado-
lescent feline heart. This hypothesis predicts that
newly formed myocytes should initially be small
and mononucleated. Therefore, we characterized
the size of mono- and binucleated feline myocytes
and their respective percentages of total ventricular
myocytes. The majority of myocytes in the adoles-
cent feline left ventricle were binucleated (88.2 ±
4.1% binucleated, 10.5 ± 4.7% mononucleated;
n = 6 hearts, n =≥ 1000 myocytes per heart). The
binucleated cells were significantly larger than the
mononucleated cells (two-dimensional surface area
was 2589 ± 342 µm2 and 1559 ± 207 µm2, respec-
tively, n = 150 myocytes per heart, p = 0.01). In
rats and mice, late-gestation cardiac myocytes are
almost exclusively mononucleated, but shortly af-
ter birth become binucleated [8, 23, 24], so that by
2 weeks of age, more than 95% of cardiac myocytes
are binucleated. This change from mono- to binu-
cleation correlates with the transition from myocyte

Table 8.1 Myocyte BrdU incorporation.

Animal Heart Mononucleated Mononucleated Binucleated Binucleated Total

age (d) wt (g) (%) BrdU+ (%) (%) BrdU+ (%) BrdU+ (%)

171 ± 4.4 11.96 ± 0.71 10.7 ± 2.5 4.84 ± 3.39 88.0 ± 2.2 0.73 ± 0.38 1.20 ± 0.77

After 1 week of constant BrdU infusion (10 mg/(kg day)), left ventricular (LV) myocytes were isolated and stained for BrdU.
The majority of myocytes in the LV are binucleated, and a disproportionate percentage of the mononucleated myocytes
were BrdU+. Data presented as mean ± SD. N = 3 hearts; n ≥ 1000 myocytes/heart.

hyperplasia to hypertrophic growth [24, 25]. The
fact that mononucleated myocytes make up a con-
siderable percentage of the adolescent myocardium
and are significantly smaller than the binucleated
myocytes supports the idea that at least some small
mononucleated myocytes are newly derived from
a stem cell pool. The fact that we have been able
to show that these cells express proteins associated
with the cell cycle, including Ki67 and Brdll, also
supports the working hypothesis.

5-Bromo-2-deoxyuridine (BrdU) is a thymidine
analog that incorporates into DNA during the S
phase of the cell cycle and is commonly used as an
index of cell cycle activity and new cell formation.
We measured BrdU incorporation into cardiac my-
ocytes after 1 week of constant subcutaneous BrdU
infusion (10 mg/kg day). After isolating ventricu-
lar myocytes from these hearts, we found that ap-
proximately 1.2% of all left ventricular myocytes
were positive for BrdU. The majority of BrdU incor-
poration, moreover, was in small, mononucleated
myocytes (Table 8.1). These data were supported
by immunostaining for Ki67, a nuclear protein ex-
pressed in all phases of the cell cycle except G0. Ki67
staining was also found predominantly in small,
mononucleated myocytes. These data support our
hypothesis that new myocytes are generated from
c-kit+ CSCs during adolescent cardiac growth and
strongly support the idea that new myocytes are
formed in the normal heart after birth. Importantly,
a number of other laboratories have reported BrdU
labeled myocytes in young animals as well (for re-
view, see [26]). Collectively, these studies suggest
that young animals have the capacity to enlarge
their hearts through a combination of growth (hy-
pertrophy) of existing myocytes and the generation
of newly formed myocytes, in all likelihood from a
resident CSC pool.
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Physiological phenotype of newly
formed ventricular myocytes

Small, mononucleated myocytes are a distinct sub-
population of cardiac myocytes that preferentially
incorporate BrdU and express cell cycle proteins.
We have tested the hypothesis that these cells have
electrophysiological and functional properties that
differ from the large, binucleated ventricular my-
ocytes that compose the majority of the adolescent
heart. Importantly, our previous studies have shown
that myocyte physiological function is not depen-
dent on the size of the ventricular myocyte [27].
Over the past 25 years, we have characterized the
contractile, electrophysiological and Ca2+ regula-
tory phenotype of feline and human myocytes over
a broad range of myocyte sizes. These studies show
that over the range of relatively large cell sizes used
in these studies, myocyte functional phenotype is
size independent. These results are consistent with
those of many others that show that the functional
unit of the cell, the sarcomere, is identical from re-
gion to region within the cell [28]. As normal cells
enlarge, they simply build more units (sarcomeres).
Therefore, our studies and many others show that
the unit function of the cardiac myocyte is identical
in cells of different size. This is not to imply that cell
function never changes, since we and many others
have shown that myocyte function is altered in my-
ocytes with hypertrophy and failure [29–31]. These
changes, however, are not due to the enlargement
of the myocytes but rather represent a change in the
unit function of the hypertrophied/failing cardiac
myocytes. In our current studies, we are asking a
somewhat different question: do small, c-kit+ stem
cell-derived cardiac myocytes exist in the normal
heart and do they have different functional proper-
ties (per unit of myocardium) than the other my-
ocytes in the heart?

The vital nuclear dye Hoechst 33258 can be used
to identify mono- and binucleated ventricular my-
ocytes that can then be functionally phenotyped.
We first examined myocyte contractile properties
in the smallest mononucleated myocytes (SMMs;
average length 70 µm) isolated from the adolescent
feline heart and compared them to the large binu-
cleated myocytes (LBMs; average length 110 µm)
that are the vast majority of myocytes in these
hearts. In myocytes stimulated at 0.5 Hz, the mag-

nitude of fractional shortening was similar (ap-
proximately 8%) between the two groups, but the
maximal rates of contraction and relaxation were
significantly slower in SMMs and the duration of
contraction was longer. These results show that the
smallest myocytes in the normal adolescent heart
have fundamentally different contractile properties
than those of the majority of the myocytes.

Cardiac myocyte contraction is dependent on the
rate of rise, magnitude, and duration of the intracel-
lular Ca2+ transient. We have determined that the
differences in contraction between SMM and LBM
groups are due to alterations in Ca2+ handling. The
amplitude of the Ca2+ transient was significantly
smaller in SMMs than in LBMs, and the rate of
rise of the transient to the peak was also signifi-
cantly slower in SMMs. This alone would result in
a decrease in the Ca2+ available to bind the myofil-
ament proteins and induce contraction and would
decrease contractility. However, the configuration
of the Ca2+ transient was also different between
the two groups (Figure 8.2). The Ca2+transient of
SMMs had both a rapidly rising phase and a slowly
rising phase, similar to that seen in neonatal my-
ocytes [32, 33], whereas the LBMs exhibited only
the rapidly rising phase. This caused the duration
of the Ca2+ transient to be significantly longer in
SMMs. Prolongation of the Ca2+ transient increases
the time available for Ca2+ binding to myofilament
proteins and increases contraction. Finally, the rate
of decay of the Ca2+ transient was also significantly
slower in SMMs than in LBMs.

These studies show that multiple differences in
the Ca2+ transient exist between SMMs and the
majority of myocytes in the normal heart. The de-
terminants of these differences are currently being
explored, but are predictable, based on our current
understanding of Ca2+ regulation in fetal/neonatal,
normal adult, and diseased ventricular myocytes
[34, 35]. The slow rate of rise likely reflects a less
well-developed sarcoplasmic reticulum (SR), with
an increased reliance on Ca2+ influx for the initia-
tion of contraction. The slower rate of decay of the
Ca2+ transient in SMMs also suggests a less well-
developed SR and a heavier reliance on sarcolem-
mal Na+/Ca2+ exchange for Ca2+ efflux. These dif-
ferences are similar to those between neonatal and
adult cardiac myocytes. Neonatal myocytes have a
less well-developed SR than adult myocytes and rely
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Figure 8.2 Ca2+ transients and L- and T-type Ca2+ Currens.
(A) Representative Ca2+ transients from large binucleated
(red trace) and small mononucleated (blue trace) myocytes
are shown. See text for discussion. (B) Both T-type (ICa−T)
and L-type (ICa−L) Ca2+ currents were present in

c-kit+-derived cardiac cells (left panels) and in small
mononucleated myocytes (middle panels), but only the
L-type Ca2+ current was present in large binucleated
myocytes (right panels). Error bars represent standard
error of the mean.

more heavily on Ca2+ influx for activation of con-
traction [35].

These results show that the smallest ventricu-
lar myocytes in the normal adolescent heart have
different, more rudimentary, physiological proper-
ties than the majority of the myocytes in the heart.
We examined the idea that SMMs have a less well-
developed SR than LBMs by measuring localized
cellular Ca2+ release with line scan confocal mi-
croscopy, as described in a recent report [36]. These
experiments showed that SR Ca2+ release was less
well organized in SMMs than in LBMs, consis-
tent with a less well-developed SR. Related studies

showed that the transverse tubular system, which
structurally interacts with SR Ca2+ storage and re-
lease sites, was also less well developed in SMMs.
Together, these results show that SMMs have less
“mature” structural and functional properties, con-
sistent with the idea that they are newly derived from
a stem cell. These results will need to be confirmed
by other groups.

Interestingly, SMMs have some electrophysio-
logical and functional characteristics reminiscent
of myocytes isolated from pathologically hyper-
trophied hearts, as opposed to the LBMs which
are more representative of isolated myocytes from
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control hearts [36–38], a possibility worthy of fur-
ther study. This may reflect the reexpression of a
fetal gene profile in hypertrophy, reported by sev-
eral labs [39, 40], a possibility worthy of further
study.

Ca2+ channels in small
mononucleated myocytes

Ca2+ influx through voltage regulated ion channels
is essential to the function of cardiac myocytes. In-
terestingly, there are distinct Ca2+ channels that ap-
pear to serve different physiological functions. The
best studied of these is the L-type Ca2+ channel
(LTCC), which is essential in cardiac myocytes [41].
It is expressed from the time of the first heartbeat
during embryologic development through adult
life. It is critical to the Ca2+-induced Ca2+ release
process and contraction of cardiac muscle cells. We
measured the density and properties of LTCC in
SMMs. LTCC density was not different between
SMMs and LBMs, which was not surprising since
the density of this channel in cardiac myocytes is
similar in the embryonic heart and the normal adult
heart, and even in many diseased states.

Another voltage-dependent calcium channel, the
T-type calcium channel (TTCC), has also been ob-
served in cardiac myocytes. The functional role of
Ca2+ influx through this channel is still unresolved.
We do know, however, that the TTCC plays al-
most no role in excitation–contraction coupling.
This suggests that it may be involved in activation
or regulation of Ca2+-activated signaling pathways.
The channel is encoded by three different genes
(α1,G,H,I), two of which (G and H) are expressed in
the heart. The TTCC is primarily expressed in fetal
and neonatal cardiac myocytes [42–44] and disap-
pears from ventricular myocytes soon after birth.
The loss of T-type Ca2+ current (ICa-T) in these
cells is associated with their withdrawal from the
cell cycle. In a previous study, we did not observe
ICa−T in normal feline ventricular myocytes [45],
but we found that the TTCC was reexpressed in
some ventricular myocytes after pressure overload-
induced cardiac hypertrophy. We suggested that the
reexpression of these channels was related to the
activation of cardiac hypertrophic signaling path-
ways. Our current hypothesis is that the TTCC
plays a critical role in myocyte differentiation (from

CSC precursors) or and proliferation of cardiac
myocyte progenitor cells or early committed cells.
ICa−T plays an important role in the differentia-
tion and proliferation of many cell types, includ-
ing blastocyst-derived stem cells, fibroblasts, vascu-
lar smooth muscle cells, endothelial cells, neuronal
cells, and neonatal ventricular myocytes [43, 46–
50]. Blocking Ica−T inhibits proliferation and differ-
entiation of endothelial cells, smooth muscle cells,
and neuronal cells [46, 49]. Our recent studies of
SMMs show that ICa−T is present in most of these
cells (Figure 8.2), but is not present in LBMs. In-
terestingly, ICa−T was also found in c-kit+-derived
cardiac myocytes in coculture with neonatal rat ven-
tricular myocytes (Figure 8.2). These studies suggest
that Ca2+ influx through the TTCC is centrally in-
volved in the generation of new cardiac myocytes
from resident CSCs.

Summary

In summary, the adolescent feline heart contains
resident c-kit+ CSCs that are multipotent and
clonogenic. These cells have the capacity to differen-
tiate into functionally competent cardiac myocytes
in culture. In vivo, the adolescent heart has a popu-
lation of SMMs that incorporate BrdU and express
proteins associated with cell cycle activity. These
SMMs have a physiological phenotype that suggests
that they are not yet fully mature, and they express
a Ca2+ channel that is associated with cellular pro-
liferation. Future studies will need to confirm these
findings and examine the contribution of myocyte
regeneration in normal and diseased adult hearts.
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Cardiac stem cells and their niches

Annarosa Leri, MD, Alessandro Boni, PhD, Robert Siggins, PhD,
Angelo Nascimbene, MD, & Toru Hosoda, MD

Introduction

The heart has been found to be a self-renewing
organ characterized by resident cardiac stem cells
(CSCs) and early committed cells (ECCs) stored in
niches. This novel view of the heart raises the pos-
sibility that defects in myocardial homeostasis and
ventricular dysfunction occur because of a progres-
sive increase in the number of CSCs–ECCs perma-
nently withdrawn from the cell cycle. The rate of
accumulation of old CSCs–ECCs might be greater
than the rate of their death and replacement, lead-
ing to the formation of senescent niches and organ
aging. The alterations in the cellular composition
of the niches can be expected to be associated with
modifications in the physiological turnover of my-
ocytes so that old, less efficient cells accumulate in
the ventricular myocardium. In the healthy heart,
a few CSCs may sustain, when the need arises, the
entire replacement of cells dictated by the high func-
tional requirements of the myocardium. This may
not be the case in the impaired heart, in which a large
number of CSCs may be concurrently involved in
the replacement of dying cells. A nonefficient CSC
compartment, which is reflected by nonfunctionally
competent niches, may be responsible for the im-
balance between cell growth and cell death and the
ultimate negative outcome of cardiac adaptation.
This framework may advance our understanding of
the biology of the heart and etiology of heart failure.

A new view of cardiac biology

The heart is composed of myocytes that constitute
a population of highly specialized cells. The differ-
entiated state of myocytes has to be tightly regu-

lated because the heart would fail if the majority
of its parenchymal cells were not involved in con-
tractile activity. According to the old paradigm, the
heart survives and exerts its function until death
of the organism, with the same or lesser number
of cells that are present at birth [1]. This notion
was challenged by experimental findings docu-
menting activation of the cell cycle machinery, cou-
pled with BrdU incorporation, Ki67, MCM5, Cdc6,
and cyclin B1 expression in myocyte nuclei [2].
Identification of the mitotic spindle and contrac-
tile ring during karyokinesis and cytokinesis has
demonstrated that a subpopulation of myocytes can
replicate [3]. However, mitotic division of mature
myocytes would require dedifferentiation with dis-
assembly of most of the myofibrillar apparatus
for the cell to traverse the cell cycle—a biological
process that is difficult to imagine, but cannot be
excluded. This is why the results on myocyte prolif-
eration left unanswered the question concerning the
source of cycling myocytes in the normal and patho-
logical heart. The search for the origin of dividing
myocytes was unsatisfactory until CSCs–ECCs were
recognized in the human heart and subsequently in
the heart of dogs, pigs, rats, and mice [4]. CSCs cor-
respond to undifferentiated lineage negative (Lin−)
cells that express the stem cell surface antigens c-kit,
MDR1, and Sca-1 in variable combinations. Isolated
Lin−c-kit+ cells from the rat heart possess the three
properties of stemness: clonogenicity, self-renewal,
and multipotentiality [5]. An in vivo functional as-
say consisting of the transplantation of clonogenic
Lin−c-kit+ cells in the infarcted ventricle confirmed
the in vitro features of this cell population. Migra-
tion, engraftment, proliferation, and multilineage
differentiation of CSCs replaced the dead tissue with
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contracting myocardium. There is a high degree of
coexpression of c-kit, MDR1, and Sca-1 on the same
CSCs–ECCs. Also, primitive cells sorted for each of
these antigens in mice, rats, and dogs show a compa-
rable growth and differentiation behavior. Thus, the
heart is not a postmitotic organ but a self-renewing
organ that possesses a stem cell compartment [4–6].

The shift in paradigm from a postmitotic organ
to a self-renewing organ has changed dramatically
our view of the heart and understanding of the fun-
damental mechanisms regulating myocyte and or-
gan aging. In the last 70 years, the general belief
has been that the number of myocytes in the heart
is defined at birth, and these cells persist through-
out life. There are men and women 100 years old
and older and, according to the old paradigm, all of
their myocytes would have lived 100 years or more.
In other words, the age of the individuals and the
age of their myocytes should coincide. According
to the new paradigm, the continuous turnover of
myocytes results in a heterogeneous cell popula-
tion consisting of young, adult, old, and senescent
myocytes. Data in humans suggest that this subdi-
vision corresponds to cells of different sizes, raising
the possibility that the life span of a cell is associ-
ated with a progressive increase in volume of the
cell. Young, amplifying, dividing myocytes are less
than 180 µm2 in cross-sectional area, adult non-
dividing cells are 200–250 µm2, old nondividing
p16INK4a negative cells are 300–500 µm2, and senes-
cent nondividing p16INK4a positive cells are 600–
900 µm2 [7]. Myocyte length, however, remains rel-
atively constant in all these cell categories varying,
at most, from 90 to 120 µm. Importantly, young
myocytes do not express inhibitors of the cell cycle
such as p53 and p16INK4a. In contrast, a fraction of
these cells is cycling as demonstrated by the nuclear
expression of the cell cycle markers Ki67, MCM5,
and Cdc6 labeling [7]. Adult myocytes are unable to
reenter the cell cycle since they express p21Cip1, but
not p53 and p16INK4a. Old myocytes express p53
and p21 in the absence of p16INK4a and senescent
myocytes express p53 and p16INK4a. p16INK4a and
p53 are markers of cellular senescence [8]. Myocyte
aging and the concomitant increase in myocyte vol-
ume typically result in a severe depression in cell
function and calcium metabolism.

Thus, myocytes are generated by activation and
lineage commitment of CSCs–ECCs. With time,
myocytes age and cellular aging is paralleled by an

increase in myocyte volume, together with the ex-
pression of inhibitors of the cell cycle and markers
of cellular senescence. An increase in old and senes-
cent myocytes has detrimental effects on cardiac
performance and may cause the development of a
decompensated myopathy [9]. This negative impact
on myocytes and organ function involves defects
at the level of the regulating cell, i.e., the CSC. In
fact, alterations in the stem cell compartment, i.e.,
the cardiac niches, lead to inadequate generation of
committed progeny and inefficient replacement of
senescent mechanically depressed myocytes. Apop-
tosis has the critical role of eliminating damaged
CSCs and myocytes, and when this critical function
of cell death is impaired, myocardial homeostasis
is altered and cardiac performance becomes abnor-
mal.

CSCs and their microenvironment

In self-renewing organs, cell number depends on
the stem cell pool. Although stem cell antigens have
been unequivocally detected in CSCs, there is no one
marker capable of providing an absolute identifica-
tion of stem cells in vivo. The localization of stem
cells is as relevant as the pattern of gene expression
for their identification. Stem cells are commonly
stored in niches, which are located deep in the tissue
for protection from damaging stimuli [10, 11]. The
niche constitutes the microenvironment in which
primitive cells divide, differentiate, and die. The
niche provides an internal milieu in which self-
renewal, differentiation, and death of stem, progen-
itor, and precursor cells take place. The recognition
of stem cells within their niches is of crucial impor-
tance. This is why the search for the “true” stem cell
removed from its microenvironment has been elu-
sive. In fact, the true stem cell does not exist in the
absence of one or more supporting cells within the
niche. The stem cell is a functional unit more than
a recognizable entity [12].

The identification of a stem cell niche is a dif-
ficult challenge in mammals. This search is more
readily accomplished in simpler organisms such
as the Drosophila. The majority of information
about cellular components, extracellular proteins,
and signaling regulatory mechanisms of niches has,
in fact, been accumulated in the fruit fly [13]. The
precise architectural organization of the germ cells
in Drosophila gonads simplifies the recognition of
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Figure 9.1 Stem cell niches. Differences in the organization of stem cells in the bone marrow, skin, and the heart.

these structures. In the fruit fly, there is a consistent
reference point for the identification of the support-
ing cells [14]. Mammalian stem cell niches have
been documented in some organs. The better de-
fined are those in organs that possess an epithelial
lining, such as the skin niches in the bulge of the
hair follicles and the intestinal niches in the crypts.
In these cases, the supporting or nurse cells are the
dermal papilla cells and the mesenchymal cells un-
derlying the crypt (Figure 9.1).

For the systematic identification of niches within
an organ, stem cells have to be recognized, the an-
choring of stem cells to the supporting cells iden-
tified and the existence of a progenitor–product
relationship established [11, 13, 14]. These fun-
damental properties are applicable to all organs
whether bone marrow, brain, or heart. This is im-
portant because the criteria employed in the study
of hematopoietic stem cells cannot be transferred
to neural stem cells or CSCs without caveats. For
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Figure 9.2 Effects of radiation on the heart. (A) Radiation of the cardiac area with 20 Gy results in an increase in left
ventricular end diastolic pressure (LVEDP), chamber diameter, and diastolic wall stress. Radiation with 30 Gy leads to
death acutely. If animals are exposed to 30 Gy and immediately injected with cardiac clonogenic cells and growth factors,
they survive and 35 days later have very high LVEDP. However, the increases in LVEDP, chamber diameter, and diastolic
wall stress are lower than in rats exposed to 20 Gy, which were not treated. (B) The confocal picture shows apoptosis
(hairpin 1, white) of myocytes (α-sarcomeric actin, red, arrows), interstitial cell nuclei (arrowheads), and c-kit± cells
(double arrowheads) in a rat that died 3 days after 30 Gy. Severe congestion of the lungs and liver was found.

example, the radiation protocol commonly used for
lethal irradiation and bone marrow reconstitution
would not be effective in the heart. In fact, the ra-
diation dose required to reach and kill CSCs is 30
Gy. The need for 30 Gy is dictated by the struc-
tural and physical properties of the cardiac muscle
[15]. This very high dose, even though restricted
to the heart, results in profound alterations of the
entire organ, diffuse apoptosis, and the animals
die in congestive heart failure in 3–5 days. Syn-
geneic animals treated with growth factors together
with clonogenic CSCs immediately after radiation
of the cardiac area survive, but have severe ventric-

ular dysfunction with an extremely high left ven-
tricular end diastolic pressure (Figure 9.2). These
data also demonstrate that the circulating pool of
hematopoietic progenitor cells alone or in combi-
nation with those of other organs cannot replenish
a depleted tissue such as the myocardium restoring
physiological homeostasis. The limitations inher-
ent in the therapeutic potential of the circulating
blood should not come as a surprise. If this were not
the case, spontaneous regeneration would be com-
monly found and myocardial infarcts, brain dam-
age, and ischemic foci in all organs would be rapidly
repaired.
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Therefore, a comment has to be made concerning
the viewpoint that the true CSC has to be identified
and a single CSC has to be shown to possess the
ability to repopulate the depleted heart before con-
clusions can be reached regarding the existence of
CSCs [1, 16]. The heart cannot be ablated of its
CSC–ECC population, and the injected single cell
would have no competitive growth advantage with
respect to the remaining endogenous CSCs. The be-
lief that the bone marrow is the gold standard for
any identification and characterization of stem cells
[16] has to be corrected. A major effort has been
made to develop the most appropriate protocol to
study stem cells in solid organs where they are dis-
persed in the tissue, and after their identification,
the critical information involves a description of
the properties of the microenvironment where they
reside and whether, upon activation, repair of the
damaged organ can occur[4, 5].

CSC Niches

In self-renewing organs, niches constitute protected
regions that contain pockets of stem cells, progeni-
tors, and precursors located in ill-defined zones of
the interstitium [13]. Recently, CSC clusters have
been found in the adult heart [4, 5]. Although CSC
clusters are scattered throughout the myocardium,
their distribution appears to be conditioned by dis-
tinct levels of wall stress. In fact, the frequency of
CSC clusters is inversely related to the hemody-
namic load sustained by the anatomical regions of
the heart: they accumulate in the atria and apex
and are less numerous at the base and midportion
of the left ventricle. The atria and apex, because
of their characteristics—thin wall and low level of
blood flow—do not contribute significantly to the
pump function of the heart. Lin− cells expressing a
stem cell marker, c-kit, MDR1, or Sca-1, separately
or in combination, have been detected, clustered
together with cardiac progenitors and precursors
[17]. In close proximity to Lin− cells, myocytes or
other cells in an early stage of differentiation are
commonly visible. The structural organization of
these sites of accumulation of poorly differentiated
cells differs from that described in the bulge region
of the skin [10], seminiferous tubes of the testes
[18], and gut crypts [19]. In contrast, similarities
in the spatial arrangement of candidate stem cells

and committed cells can be found in the mouse
bone marrow [20] and rat brain [21], providing el-
ements of analogy between these organs and the
heart (Fig. 1). Nurse cells in these organs have been
characterized. The supporting nurse cells of CSC
niches have not been identified yet. Some parame-
ters have been evaluated in an attempt to detect the
nurse cells of the cardiac niche [22].

The expression of different connexin and cad-
herin proteins has been detected in human atrial
niches. Connexins are gap junction channel pro-
teins that mediate passage of small molecules
and signals involved in cell-to-cell communication.
Also, these gap junctions anchor CSCs to a niche
and interfere with their activation, commitment,
and migration out of the niche [11]. Conversely,
CSC depletion would occur and the entire niche
would disappear. Cadherins are calcium-dependent
transmembrane adhesion molecules that have a
dual function; they anchor CSCs to their microen-
vironment and promote interaction between stem
cells and between stem cells and supporting cells
[22]. Preparations of freshly isolated CSCs–ECCs
express connexin 43, connexin 45, N-cadherin, and
E-cadherin. Moreover, these junctional and adhe-
sion proteins are present in the plasma membrane
of isolated CSCs–ECCs. Importantly, connexin 43
and 45, and N-cadherin and E-cadherin are consis-
tently found between two CSCs, one CSC and one
ECC, or two ECCs. These connexins and cadherins
are also seen between CSCs–ECCs and myocytes
and cardiac fibroblasts (Figure 9.3). To avoid cross-
reactivity of antibodies and unspecific staining, this
morphological analysis has been performed by la-
beling each primary antibody with a fluorochrome
recognized by the confocal microscope [2].

A functional assay was introduced to character-
ize the role of connexins in the formation of gap
junctions between CSCs–ECCs and the potential
supporting cells, cardiomyocytes, and fibroblasts.
Calcein dye coupling of cells was studied by two-
photon microscopy following preincubation of the
progenitor cells with the methyl-ester form of the
dye. Because of the entry and trapping of the dye
into the cells, CSCs–ECCs became green fluores-
cent. In addition, these cells were stained with the
red fluorescent dye DiI. Fluorescent primitive cells
were then plated together with cardiac cells. The
presence of green fluorescence only, in the absence
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Figure 9.3 Cardiac niche. Cluster of c-kit± CSCs (A; green)
showing connexin 43 on the surface of the cells (A; yellow
dots, arrowheads). c-kit± CSCs are connected by connexin
43 with a myocyte (B; α-sarcomeric actin, red, asterisk) and
a fibroblast (B; procollagen, white, asterisk).

of red fluorescence, indicated the transfer of calcein
through gap junctions and allowed us to detect the
nurse cells. Calcein translocated from CSCs–ECCs
to both myocytes and fibroblasts present in the
culture points to myocytes and fibroblasts as the
nurse cells in the heart. Additional studies were then
conducted to identify the anatomical localization of
slowly cycling CSCs. On the basis of the 5-Bromo-2-
deoxyuridine chasing assay, the atria were found to
be the site of storage of the long-term label-retaining
cells [22]. This new information, together with
previous findings [5, 6, 23–25], strongly supports
the notion that the heart is an organ possessing a
stem cell compartment that regulates the physio-
logical turnover of cardiac cells. Whether during
development CSCs originate from hematopoietic
islands in the liver or primordial structures remains

to be identified and is an important question.
Recent observations, however, indicate that CSCs
originate from the neural crest [26].

Connexin 43 and 45 are present in the cardiac
niches, but N-cadherin and E-cadherin are the most
likely candidate adhesion molecules that keep the
stem cells within the niches and preserve their stem-
ness. However, an abnormal increase in the ex-
pression of N-cadherin and E-cadherin may al-
ter the physical interaction between stem cells and
their supporting cells. Enhanced expression of N-
cadherin and E-cadherin in CSCs may impinge
upon their locomotion out of the niches. The re-
newal and differentiation of CSCs may be affected,
and a time-dependent increase of nonreplicating
CSCs within the niche may occur. With pathologic
stimuli, cardiac homeostasis may be altered and old
CSCs may cluster in the niches, leading to a reduc-
tion in the number of functionally competent cells.
Ultimately, the replacement of damaged myocytes
in the ventricle may be impaired and organ decom-
pensation may occur.

Similar to other self-renewing organs, such as
the skin [10], the intestine [19], the bone marrow
[16, 20], and the brain [21], CSCs within the niche
constitute the cell compartment that constantly re-
plenishes the myocardium with repopulating dif-
ferentiated cells. The maintenance of an appropri-
ate cell number in the heart appears to depend on
the regulatory system that is operative at the level
of the CSC niches. The homeostasis of a niche is
dictated by a combination of several cellular pro-
cesses, including proliferation, differentiation, mi-
gration, and death. The physiological integration
of these cellular events is the actual determinant
of the healthy state of the niches in each organ and,
thereby, in the organism. This is why one of the main
objectives of future investigation is the demonstra-
tion that the primary control of cardiac cell number
occurs within the niches and that alterations of this
mechanism lead to the abnormal phenotype typi-
cal of acquired cardiomyopathies: accumulation of
old CSCs and myocytes, which together constitute
ventricular dysfunction.

Niche homeostasis

Within a CSC niche, the homeostatic balance be-
tween proliferation and apoptosis has to be pre-
served. Whether a CSC is destined to divide or die
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is only partially a cell-autonomous process. The in-
tracellular control of cell division and death is de-
pendent on environmental cues capable of inform-
ing cells of the needs of the tissue and the organ.
When an excess of cells is formed, apoptosis occurs
and when too many cells are lost, proliferation sig-
nals are generated. In this regard, the formation of
organs in prenatal life is regulated by a negative feed-
back loop between cell multiplication and cell num-
ber [27]. When the number of cells that is physiolog-
ical for that organ in that species is achieved, organ
development reaches completion and cell division
is repressed. Thus, the size of the organ is modulated
by communications between cells and interaction of
cells with the microenvironment. These dialogs en-
able the existing cells to compare themselves to the
neighboring cells and divide or stop dividing [28].
These mechanisms of organ and tissue homeostasis
have been well characterized in embryonic and fetal
development, but whether they are operative in the
adult heart and impaired in cardiac diseases remain
to be shown. Similarly, it is unknown whether tissue
regeneration in pathologic states mimics embryonic
and fetal development.

However, it is intuitively apparent that this critical
balance may be altered by suppression of apoptotic
signals and the accumulation of unwanted cells that
have lost their specialized functions. Inhibition of
apoptosis during fetal life contributes to congeni-
tal diseases in the newborn [29]. In a comparable
manner, excessive cell death impairs organ forma-
tion prenatally and participates in the manifestation
of pathologic states after birth [30]. Cardiac fail-
ure leads to a time-dependent accumulation of old,
poorly contracting myocytes and nonfunctionally
competent CSCs [4, 9, 31]. Whether environmen-
tal cues that regulate embryonic and fetal growth
are recapitulated in the adult heart and are lost in
the presence of cardiac decompensation is poorly
understood.

Early studies on the properties of stem cells in
the bone marrow and intestine have led to the con-
viction that the number of stem cells within the
niches depends on the predominance of symmetric
or asymmetric division of these undifferentiated
cells, in the absence of stem cell death. The pos-
sibility that stem cells may die by apoptosis was
not introduced because stem cells were viewed as
a unique population of ever young, immortal cells.
However, this was not the case for progenitor and

precursor cells. The number of these differentiating
cells was thought to be regulated by cell division and
cell death. More recent studies have challenged this
paradigm and emphasized the importance of apop-
tosis not only in the control of the number of com-
mitted progenies but also in the control of stem cells
in the niches and throughout the parenchyma [32].
This has been found to be true for the bone marrow
[32], the intestine [33], the brain [34], and the heart
[4, 9, 31]. Within a niche, the loss of a stem cell can
be compensated by the replication of an adjacent
stem cell that generates two self-renewing daughter
cells. Alternatively, the death of a stem cell can be
counteracted by the migration of a stem cell from
a neighboring niche. The translocated stem cell re-
constitutes the cell population of the niche with its
optimal number of primitive and committed cells.
The recognition of these interrelated phenomena in
a solid organ such as the heart is extremely complex
and, with the methodologies currently available, ap-
pears almost as an impossible task. The only proto-
col that can be applied to characterize the cellular
events that control the life of a niche requires the
removal of the existing cells followed by its repopu-
lation with new, labeled stem cells [13]. So far, data
have only been obtained in the ovary of simple or-
ganisms, such as the fruit fly [14].

Conclusions

The heart is now viewed as a self-renewing organ
characterized by resident CSCs stored in niches.
The niches control the physiological turnover of
myocardial cells and the growth, migration, and
commitment of primitive cells leaving the niches
to replace old dying cells in the myocardium. The
number of CSCs together with the number of ECCs
is postulated to remain constant within the niches
throughout life. However, changes in the cellular
composition of the niches may occur in pathologi-
cal conditions, leading to the accumulation of senes-
cent, nondividing CSCs. The decrease in the num-
ber of young CSCs and the increase in the number of
old CSCs within the niches may lead to alterations
in myocardial homeostasis and ventricular function
typically present in the decompensated heart.
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10 CHAPTER 10

Activation of the local regenerative
system of the heart

Antonia Germani, PhD, Federica Limana, PhD, &
Maurizio C. Capogrossi, MD

Regeneration of the adult heart can occur in newt
and zebrafish, and in these lower vertebrates it in-
volves cardiomyocyte cell cycle reentry. The adult
mammalian cardiomyocytes do not have such char-
acteristics. However, several efforts have been made
to override cell cycle checkpoints to induce their
proliferation. In addition, the recent identification
of resident cardiac stem cells (CSCs) in several ani-
mal species [1, 2] and human beings [3, 4] suggests
that the heart has intrinsic regenerative abilities.
This chapter will discuss the mechanisms for car-
diac regeneration in lower vertebrates, the key cell
cycle mechanisms that limit adult myocardial cell
proliferation, the activation of the local regenera-
tive system of the mammalian heart in response to
pathophysiologic conditions, and the possibility of
using cytokines or growth factors to promote CSC
proliferation and differentiation in vivo, without the
need for ex vivo manipulation.

Heart regeneration in
lower vertebrates

Regeneration is a complex biologic process involv-
ing the reconstitution of lost or injured tissue and
organs. Among vertebrates, the newt and axolotl
have remarkable regenerative abilities, which they
retain during adulthood. Regenerated structures in-
clude the tail, limb, spinal cord, jaw, retina, lens,
optic nerve, intestine, and heart [5]. The cellular
mechanisms that control regeneration in the limb,
tail, and jaw are similar and consist of the reentry of
differentiated cells next to the site of injury into the

cell cycle, followed by their dedifferentiation and
proliferation to form tissues of regenerated struc-
tures or organs. Specifically, the first step is char-
acterized by the formation of a wound covered by
epithelial cells. This event is followed by a phase of
dedifferentiation that leads to the formation, just
beneath the wound epithelium, of an aggregate of
undiffer entiated cells, the blastema. The final step
consists of the restoration of the injured structure
through the differentiation of the blastema cells into
the cells and tissue of the intact organ.

Heart regeneration has been studied in the newt
[6], the axolotl [7], and recently also in the adult
zebrafish [8] and does not involve the formation of
a morphologic equivalent of the blastema [9]. In
order to study the regenerative process in the my-
ocardium of these organisms, the heart is subjected
to the removal of a large portion of the left ventricle,
including the apex. Shortly after the surgical resec-
tion, the ventricular wall is sealed by the formation
of a fibrin clot which, in approximately 1 month,
is replaced by regenerated tissue indistinguishable
from the surrounding myocardium [8, 10]. Several
questions arise concerning the origin of the differ-
ent cell types that form the regenerated tissue. Re-
cent studies strongly suggest that in the adult ze-
brafish and axolotl models of heart regeneration,
newly formed cardiomyocytes and derived from res-
ident cardiomyocytes that reenter the cell cycle in
response to injury [7–9]. It has been recently re-
ported that the adult mammalian heart possesses
resident CSCs that have the ability to proliferate and
differentiate into cardiomyocytes, endothelial and

95

Cardiovascular Regeneration and Stem Cell Therapy
Edited by Annarosa Leri, Piero Anversa, William H. Frishman

Copyright © 2007 by Blackwell Publishing

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


96 PART II Cardiac progenitor cells in the adult heart

smooth muscle cells both in physiologic and patho-
logic conditions [1]. Whether CSCs are present
in the hearts of newt, axolotl, and zebrafish and
whether they contribute to heart regeneration re-
main open questions.

Little is known about the molecular mechanisms
regulating the regenerative process in vertebrates.
Recently, using mutagenesis screens, some genes in-
volved in zebrafish heart regeneration have been
identified. Msx genes encode a transcriptional re-
pressor that prevents differentiation during de-
velopment and regeneration. These genes are up-
regulated in the regenerating myocardium of adult
zebrafish. Also, early after resection components of
the Notch pathway show an up-regulation [11]. It is
noteworthy that Notch activation is a fundamental
event for the proliferation/differentiation in several
lineages of resident stem cells. Interestingly, these
genes are not expressed during zebrafish heart de-
velopment, strongly suggesting that there may be
a clear distinction between the molecular mecha-
nisms involved in development and regeneration.

Information about the regenerative processes in
lower vertebrates may provide novel insights into
the mechanisms that may enhance a mammal’s re-
generative potential. Although mammals exhibit a
limited regenerative ability, they can replace tissues,
such as skin, bone, peripheral nerve, and skele-
tal muscle. The formation of local scar tissue can
dramatically inhibit most mammalian tissue re-
generation, as is the case after heart injury. It has
been reported that the MRL mouse, a strain with
a unique capacity of regenerative wound healing,
can recover with little or no scar formation after
myocardial infarction of the right ventricle [12].
The hearts of these mice, when injured with a cry-
oprobe, appear to activate a regenerative event simi-
lar to that found in amphibians with cardiomyocyte
proliferation and no fibrosis. More recently, the re-
sults of two different studies have challenged these
findings, showing no differences in scar formation
in MRL mice compared to C57/Bl6 controls, after
both ischemia/reperfusion injury and after myocar-
dial infarction induced by coronary artery ligation
[13, 14].

Cardiomyocyte proliferation

It is commonly believed that mammalian cardiomy-
ocytes withdraw from the cell cycle shortly after

birth, and postnatal growth of the heart is largely
achieved by hypertrophy rather than by hyperpla-
sia of adult myocardial cells. Although proliferating
myocytes have been detected in the heart in several
physiopathologic conditions, recent experimental
evidence strongly suggests that these cells derive
from resident cardiac precursor cells, rather than
from adult myocardial cells [15, 16]. The molecular
mechanisms accounting for the irreversible cell cy-
cle withdrawal of adult cardiomyocytes are poorly
understood. However, after heart damage, adult car-
diomyocytes reexpress a subset of fetal genes, sug-
gesting that they may not be irreversibly fixed in the
differentiated state. Cell cycle progression is regu-
lated at multiple checkpoints by a complex system of
proteins that coordinate the biochemical activities
required for cell division. These proteins include cell
cycle promoting factors such as cyclin D, A, E, and
B, cyclin-dependent kinases (Cdks), cell cycle in-
hibitors such as Cdk inhibitors p21cip1 and p27kip1,
and members of the retinoblastoma (Rb) family.

The assumption that adult cardiomyocytes are
nonreplicating cells is supported by the observation
that positive cell cycle regulators, cyclins and Cdk,
are highly expressed in the embryonic heart and
down-regulated after birth, whereas negative cell
cycle regulators and Cdk inhibitors are increased in
the adult heart.

Considerable effort has been made to induce
cardiomyocyte proliferation by manipulating the
expression of oncogenes and cell cycle regulatory
proteins [17]. It is noteworthy that a variety of
interventions aimed at inducing cardiomyocyte
proliferation have resulted in their entry into the cell
cycle with the induction of DNA synthesis and chro-
mosomal duplication in the absence of cytokinesis.
However, when oncogenes or cell cycle promoters
were expressed by transgenic approaches, cytokine-
sis was detected in adult animals, suggesting that
this effect may involve alterations of the differentia-
tion program of cardiomyocytes during fetal devel-
opment. According to this hypothesis, transgenic
expression of c-myc proto-oncogene in the heart
enhances hyperplastic growth [18], while inducible
expression of c-myc in adult cardiomyocytes fails to
promote cardiomyocyte cytokinesis [19].

Viral inactivation of tumor suppressor genes may
reactivate the cell cycle in cardiomyocytes. For ex-
ample, targeted expression of the adenoviral pro-
tein E1A, which binds and inactivates pRb family
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members, promotes G1 cell cycle exit [20]. Unfortu-
nately, this effect is followed by increased cardiomy-
ocyte apoptosis, probably because of activation of
the tumor suppressor p53. In contrast, the expres-
sion of SV40 large T antigen, which inactivates not
only pRb but also p53 and the proapoptotic pro-
tein p193, overrides G1 arrest without inducing cell
death [21, 22].

Transgenic mice overexpressing cyclin D1 show
elevated levels of DNA synthesis [23], while cyclin
A2 overexpression [24] as well as p27 deletion re-
sult in cardiomyocyte hyperplasia [25]. The role of
D type cyclins in the reactivation of cardiomyocyte
proliferation has been recently addressed by com-
paring the effect of the transgenic expression of cy-
clin D1, D2, and D3 in mouse hearts [26]. All mice
exhibit high rates of cardiomyocyte DNA synthe-
sis, but only in hearts overexpressing cyclin D2 after
infarction does cardiomyocyte proliferation occur,
which results in reduced infarct size. The regenera-
tive effect involves the nuclear activity of cyclin D2,
which persists in the nucleus after cardiac injury;
in contrast, cyclin D1 and D3 accumulate in the
cytoplasm.

It is possible to enhance cardiomyocyte prolifer-
ation through interventions that modulate, at the
same time, negative and positive regulators of the
cell cycle. Recently it has been shown that p38
mitogen-activated protein (MAP) kinase inhibition
results in cardiomyocyte proliferation in vivo and
in vitro [27, 28]. p38 activation inhibits cell cy-
cle progression via its effect on cell cycle pro-
teins, i.e., p21, cyclin D and B. Therefore, p38
inhibition may result in cell cycle entry of car-
diomyocytes. This is the first study in which cy-
tokinesis was detected not only in cardiomyocytes
derived from p38MAP kinase knock-out mice but
also in wild type adult cardiomyocytes after treat-
ment with the specific p38MAP kinase inhibitor
(SB203580). Interestingly, simultaneous stimula-
tion with fibroblast growth factor (FGF)-1 and
inhibition of p38MAP kinase results in approxi-
mately 7.2% of proliferating myocytes undergoing
a process that involves their transient dedifferenti-
ation [27, 28].

Cardiac stem cell activation

CSCs are involved in the lifelong process of main-
taining cardiac homeostasis and replacing, at least in

part, dead cardiac cells. However, CSCs are unable
to completely prevent the age-dependent decline in
cardiac function and regenerate cardiac tissue after
acute and chronic injury. Several mechanisms may
account for the inability of CSCs to keep the heart
young and healthy forever: (a) cardiac damage due
either to aging or any disease process that likely in-
volves CSCs as well as all other differentiated cells
in the heart, (b) the CSC number may be too low to
effectively repair extensive cardiac damage, (c) the
inflammatory signals in the injured area may have
negative effects on CSC proliferation and differenti-
ation, (d) growth factors released by damaged tissue
may not be sufficient to recruit stem cells to the site
of injury or to provide a fully adequate stimulus for
CSC proliferation and differentiation, and (e) the
scar produced after myocardial injury may limit the
access of CSCs to the injured area. The inhibitory
effect of scar in tissue regeneration has been widely
documented: injury without scarring occurs in em-
bryos and in lower vertebrates, including urodele
amphibians and zebrafish, which show a high de-
gree of tissue regeneration.

Nevertheless, CSC involvement and activation
have been shown to occur in some physiopatho-
logic conditions. The CSC pool is enhanced acutely
after infarction [4, 29]. In mice, c-kit expressing
CSCs are 0.2% of the total heart cells after separa-
tion from cardiomyocytes and increase up to 1%
in acutely infarcted hearts [29] (Figure 10.1). In
human hearts, there are approximately 4000 CSCs
per cm3; after infarction, this number increases to
40,000 CSCs per cm3 of tissue in the border zone
and up to 20,000 CSCs per cm3 are detected in the
remote region [4]. CSC growth is also present in the
myocardium of patients with chronic aortic stenosis
where the increased cardiac mass results from both
CSC activation and myocyte hypertrophy [30].

A different scenario is present with aging, dia-
betes, and heart failure [31–33]. These conditions
are characterized by an increasing growth of CSCs,
but apoptosis prevails on proliferation, and this im-
balance reduces the number of functionally compe-
tent CSCs. In patients with cardiac aging and heart
failure, the number of apoptotic c-kit+ undifferen-
tiated cells is high and is always associated with the
expression of p16—an established marker of cellu-
lar senescence [31, 32, 34]. Also, diabetes and age-
dependent effects on CSCs are attenuated in p66ShcA

null mice [33] and in insulin growth factor-1
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Figure 10.1 c-kit+ CSCs increase in
the mouse infarcted heart. Flow
cytometric analysis shows c-kit+ cells in
noninfarcted (control) and in 24 hour
postmyocardial infarction (MI) mouse
heart. c-kit+ cells increase from 0.2 to
1%.

(IGF-1) transgenic mice [32, 34], respectively. The
p66ShcA null mouse fails to express p66Shc adaptor
protein—a downstream target of p53 required for
a p53-dependent increase of intracellular oxidants
and cell death. Therefore, p66ShcA null mice exhibit
lower levels of intracellular reactive oxygen species
and increased resistance to cell death induced by ox-
idative stress [35, 36]. Cardiomyopathy associated
with cellular aging is delayed in IGF-1 transgenic
mice where the number of functionally competent
CSCs is increased. The regenerative effect of IGF-1
is also documented in skeletal muscle, where IGF-1
overexpression increases skeletal muscle stem cell
activity and prevents age-related loss of muscle size
and strength [37]. Therefore, identification of fac-
tors that enhance both the activation and/or the
survival of CSCs may limit the detrimental effects
of both diabetes and age-dependent declines in car-
diac function (see Chapter 16 & 17).

The mechanisms involved in CSC activation in
response to injury are still largely unknown. After
myocardial infarction a plethora of growth factors
and cytokines are produced, and it is difficult to
define the effect of each factor on CSCs because
of pleiotropic, redundant, and time-dependent
actions. The early phase of myocardial infarc-
tion includes the necrotic and apoptotic death of
cardiomyocytes and the activation of the inflamma-
tory response. Dead cells as well as inflammatory
cells are sources of cytokines and growth factors
that are important for the cardiac remodeling pro-
cess. Some of these factors are proangiogenic, e.g.,
vascular endothelial growth factor (VEGF), FGF-2
and FGF-1, and hepatocyte growth factor (HGF).
Other factors have been involved in the mobilization
of bone-marrow-derived stem cells (BMSC) af-
ter infarction and include serum-derived factor-1

(SDF-1) and erythropoietin (EPO) [38]. It is still
unclear whether these factors, which are known to
modulate some BMSC functions, have effects on
CSCs as well.

Interestingly, some growth factors including
VEGF, FGF-1, FGF-2, EPO, and HGF have been
previously delivered either as recombinant protein
or by gene therapy as an approach for providing car-
diac protection and for increasing the blood supply
in animal models of myocardial ischemia, infarc-
tion, and heart failure [39]. With the identification
of CSCs, the results reported in these studies should
be reevaluated in order to determine whether there
was any effect on CSCs.

FGF-2 expression is up-regulated after cardiac
injury and it has been implicated in cell prolifer-
ation survival and differentiation [40]. Moreover,
FGF-2 knock-out (FGF–/–) mice show absence of
cardiac remodeling in response to pressure over-
load [41]. FGF-2 and its receptor (FGFR1) are ex-
pressed in a subset of CSCs, and their interaction is
required for cardiogenic differentiation in vitro and
in vivo. Indeed, CSCs derived from FGF-2–/– mice,
when injected intravenously, either in wild type or in
FGF-2–/– mice, home to the heart but differentiate
into cardiomyocytes only when the recipient ani-
mals produce FGF-2 [42]. Other members of the
FGF family may have similar properties. FGF-5 de-
livery to a swine model of hibernating myocardium
improves blood flow and induces cell cycle reen-
try of small cardiomyocytes; it is possible that these
small myocardial cells derive from CSCs [43, 44].

Another factor of interest is Sonic Hedgehog
(Shh). This is a secreted glycoprotein involved in
developmental processes, including heart morpho-
genesis, as shown by the presence of a heart-looping
defect in Shh–/– mice [45]. Further, Shh is an
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angiogenic factor that up-regulates VEGF and
angiopoietins-1 and -2 in interstitial mesenchymal
cells [46]. Myocardial gene therapy with Shh en-
hances neovascularization and reduces fibrosis as
well as apoptosis through a mechanism that in-
volves BMSC recruitment in the heart [45]. How-
ever, whether or not Shh has an effect on CSCs has
not been investigated.

The possibility of promoting cardiac tissue re-
generation through growth-factor-mediated CSC
activation has been recently addressed. CSCs ex
press receptors for a variety of growth factors, cy-
tokines, and chemokines; these include the HGF re-
ceptor c-Met, IGF-1R, VEGF receptor, stem cell fac-
tor (SCF) receptor, epidermal growth factor (EGF)
receptor, FGF-R1, SDF-1 receptor CXCR4 [47], and
the receptor for advanced glycation end products
(RAGE) which is also activated by the cytokine high
mobility group box 1 (HMGB1) [29]. Therefore,
growth factor treatment may modulate CSC func-
tion.

Recently, IGF-1 and HGF have been used in
combination in order to stimulate the migration of
resident CSCs to the infarcted area of the heart and
promote their proliferation and survival. These
experiments were performed in mice [48] and dogs
[49], in which CSCs were isolated and characterized.
IGF-1 plays an important role in the homeostasis
of the CSC compartment. As previously reported,
overexpression of the IGF-1 transgene selectively
in the heart promotes cardiomyocyte formation
and reduces myocyte death after infarction [32,
34]. In the aging myocardium, the IGF-1/IGF-1R
system increases CSC proliferation and reduces
CSC apoptosis. These two processes lead to a delay
in the senescence of CSCs, increasing the number
of these cells that are functionally competent.

HGF may promote cell migration in various or-
gans, including the brain, and, to a lesser extent, cell
growth and survival. Cell locomotion is activated by
the expression and activation of matrix metallopro-
teases that digest the extracellular matrix.

In vitro studies show that HGF is a powerful
CSC chemoattractant, more effective than FGF-2,
granulocyte-macrophage colony stimulating factor
(GM-CSF), EGF, VEGF, and SCF. On the other
hand, IGF-1 shows little effect on CSC migration
but has a predominant role in promoting their pro-
liferation and survival. In animal studies, the ad-
ministration of HGF and IGF-1 in infarcted hearts

induced CSC migration in the injured region where
they differentiated into cardiomyocytes and coro-
nary vessels. In mice, at 16 days the volume of newly
formed myocytes ranged from 600 to 7200 µm3 and
at 4 months it ranged from 700 to 20,000 µm3.
In dogs, at 28 days the size distribution of regen-
erated myocytes ranged between 400 and 17,000
µm3. Since adult murine and canine myocytes have
an average volume of 20,000 and 25,000 µm3, re-
spectively, myocardial regeneration in both species
was characterized by the formation of immature
cardiac cells that resemble a fetal–neonatal phe-
notype. However, in both animal models, in re-
sponse to treatment with HGF and IGF-1, there was
echocardiographic evidence of contraction in the
infarcted region, and hemodynamic studies docu-
mented an improvement in cardiac function. These
results were confirmed by another study performed
in rats, in which the regenerative response of resi-
dent CSCs was documented after the local injections
of HGF and IGF-1 in chronic infarcts [50].

In addition to the combination of HGF and
IGF-1, it has also been shown that the cytokine
HMGB1 can modulate CSC function. HMGB1 is a
nonhistone nuclear protein constitutively expressed
in the nucleus of quiescent cells where it binds the
AT sequence in the minor groove of DNA and, via
this mechanism, is involved in the regulation of gene
transcription and in stabilizing nucleosome forma-
tion [51]. Recently, a novel role for HMGB1 as a
cytokine has been identified. HMGB1 is a potent
mediator of inflammation secreted by monocyte-
macrophage in response to proinflammatory cy-
tokines and released from necrotic cells. Moreover,
when added to endothelial cells, HMGB1 elicits
proinflammatory responses by increasing the ex-
pression of vascular adhesion molecules as well as
the secretion of cytokines and chemokines. The ef-
fects of HMGB1 are mediated by its binding to
RAGE—a multiligand receptor of the immunoglob-
ulin superfamily [52]. Extracellular functions of
HMGB1 are not limited to the inflammatory re-
sponse. HMGB1 is also a strong chemoattractant
for vessel-associated stem cells (mesoangioblasts)
[53] and induces proliferation and differentiation
of CSCs [29]. The last effect has been demonstrated
in a mouse model of myocardial infarction where
HMGB1 administration enhanced CSC prolifera-
tion in the heart and resulted in the formation of
a band of regenerated myocardium constituted by
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Figure 10.2 HMGB1 promotes cardiac tissue regeneration.
(A) Infarcted HMGB1-treated hearts: newly formed
myocytes are detected and express α-sarcomeric actin (red
fluorescence). (B) Infarcted heart treated with a control

protein: only surviving endocardial cells are present and
express α-sarcomeric actin (green false color, propidium
iodide in nuclei). (Adapted, with permission,
from [29].)

newly formed cells expressing cardiac markers (Fig-
ure 10.2), i.e., the transcriptional factor MEF2C,
α-sarcomeric actin, and connexin 43. These cells
were smaller than adult myocardial cells, and 1 week
after myocardial infarction and HMGB1 treatment,
their volume ranged between 300 and 600 µm3. Left
ventricular function evaluated by echocardiography
and hemodynamic measurements was significantly
enhanced compared to control in the 4 weeks after
coronary artery ligation. It is noteworthy that there
was no change in c-kit+stem cell number in the sys-
temic circulation nor was there enhanced c-kit+cell
homing in the infarcted heart. Therefore, the ability
of HMGB1 to induce regeneration of the infarcted
left ventricle can be attributed to enhanced CSC
proliferation and differentiation.

Other growth factors may have a similar effect on
CSCs. SDF-1 has an important role in BMSC mobi-
lization after injury. It has been shown that SDF-1
delivery in a rat model of ischemic cardiomyopa-
thy enhanced BMSCs recruitment and new blood
vessel formation in the damaged tissue [54]. Sim-
ilar to BMSCs, CSCs express the SDF-1 receptor
CXCR4 and migrate in vitro in the presence of SDF-
1 through a mechanism that involves the phospho-
rylation of src family of tyrosine kinases [55]. There-
fore, SDF-1 may be considered a mobilization factor
not only for BMSCs but also for CSCs. However, it
is still unknown whether SDF-1 induces CSC pro-
liferation and differentiation.

Conclusions

At present, CSCs appear to be key players in the lo-
cal cardiac regenerative system. They are activated
in response to a variety of noxious stimuli and pro-
vide a potential compensatory mechanism to pre-
serve cardiac function following damage. Further,
CSCs can also be activated by exogenously adminis-
tered cytokines or growth factors, and the potential
therapeutic value of these interventions remains to
be established. Future studies will help to establish
whether, in similar fashion to what occurs in the
hearts of some lower vertebrates, adult human my-
ocardial cells can be induced to reenter the cell cy-
cle and proliferate in order to provide an additional
mechanism to repair the damaged heart.
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Embryonic stem cells and
myocardial regeneration

Ahmad Y. Sheikh, MD, Phillip C. Yang, MD, Joseph C. Wu, MD,
PhD, & Robert C. Robbins, MD

Introduction

The ideal therapeutic cell candidate for myocardial
therapy should have the capacity to restore myocar-
dial function, prevent remodeling, induce native
repair, and evade elimination by the host. Mech-
anistic pathways by which transplanted cells might
achieve these effects are numerous, including the
ability to self-renew, the potential for multilineage
differentiation (e.g., myocardial cells, blood vessels,
cardioneuronal cells), the modulation of paracrine
signaling pathways, and the suppression of local
host-immune responses. Because embryonic stem
(ES) cells possess these aforementioned character-
istics, they have gained great interest as a potential
ideal therapeutic cell candidate in recent years. Al-
though data from the benchtop are encouraging,
there remain large gaps between present observa-
tions and successful, safe application of these cells
in humans. This chapter will review the current sta-
tus of ES cell biology, application in animal models
of cardiac disease, imaging of cell therapy, and touch
upon the future directions of the field (see Chap 3).

Definition

ES cells can be defined as totipotent, self-renewing
cells derived from the early mammalian embryo that
are capable of unlimited proliferation in vitro [1, 2].
Furthermore, ES cells maintain the ability to differ-
entiate into all three embryonic germ layers even af-
ter prolonged culture [3]. To this end, investigators
have demonstrated differentiation into specific cell

types such as neuronal, cartilage, hepatocyte, islet,
and muscle cells in vitro. With regards to cardiac
differentiation, Kehat and colleagues demonstrated
that human ES-cell-derived beating myocytes were
structurally and functionally identical to early stage
cardiomyocytes [4]. This phenomenon has been du-
plicated by several other investigators and highlights
the potential of ES cells to act as true regenerative
cellular agents for the heart [5–8].

The source of ES cells remains the early embryo
at the blastocyst stage. Following fertilization, the
mammalian zygote proceeds through the morula
stage to form the blastocyst. This structure consists
of a hollow sphere of cells that contains a solid in-
ner cluster of cells. The outer layer gives rise to tro-
phoblasts which will eventually form the placenta
and other supporting structures for the developing
embryo, while the inner cell mass (embryoblasts)
will develop and differentiate into the various tis-
sues of the adult body. Harvested at this stage, em-
bryoblasts can be cultured in vitro and proliferate
indefinitely with the potential to differentiate into
all embryonic germ layers and are hence dubbed ES
cells.

History of ES cell development

The first ES cell lineages were generated in the early
eighties from mouse blastocysts by immunosurgical
removal of the trophoblast layer followed by cultur-
ing of the inner cell mass on feeder layers of cells
[9–11]. The resulting cultures produced colonies
that were mechanically isolated and passaged to
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establish various murine ES cell lines. By 1998,
Thomson and colleagues had applied similar tech-
niques to isolate and establish various lines of hu-
man ES cells [2]. Over the last few years, numerous
laboratories have followed suit and described sev-
eral other human ES cell lines [12–14].

Currently, over 400 different human ES lines ex-
ist worldwide, but only 179 of these have actually
been characterized in at least partial detail and re-
ported in scientific peer-reviewed journals [14]. In
an effort to organize and facilitate human ES cell re-
search in the United States, the National Institutes
of Health created the Embryonic Stem Cell Registry
(escr.nih.gov), which lists all human ES cell lines
eligible for US federal funding. Presently, 71 differ-
ent human ES cell lines are listed with the Registry,
and only 22 of these are currently available to re-
searchers.

Isolating and culturing ES cells

The science of procurement, cultivation, and care
of ES cells has evolved into an ever-changing field
unto itself. A detailed discussion of ES cell benchtop
techniques is beyond the scope of this chapter; how-
ever, a few salient points regarding the cultivation
of these cells will be discussed. In addition, since
the majority of published and ongoing studies have
focused on the biology of murine and human ES
cells, a targeted comparison of these two moieties
will also be presented.

Early experience with culturing ES cells demon-
strated the importance of “feeder layers” to main-
tain pluripotency of the cells. Typically, these feeder
layers consist of mitotically inactivated mouse em-
bryonic fibroblasts (MEF), upon which ES cells are
cultured directly. A number of factors produced by
cells comprising the feeder layers are thought to
help maintain ES cell pluripotency in culture. As
reported by Xu et al., human ES cells maintained
the capacity to proliferate in undifferentiated state if
grown on Matrigel or laminin-containing medium
conditioned by MEF [15].

Further investigations revealed various specific
molecules that inhibit ES cell differentiation in vitro.
Leukemia inhibitory factor (LIF) is one such protein
that was first described by Pease and colleagues to in-
hibit mouse ES cell differentiation in the absence of
feeder cells [16]. Interestingly, LIF does not prevent
differentiation of human ES cells grown in a similar,

feeder-free state [2, 12]. Such findings highlight dif-
ferences between human and murine ES cells, as will
be discussed later in this section. Since the discov-
ery of LIF-based differentiation inhibitors, several
other factors have been successfully used (either in-
dependently or in concert with LIF) to maintain
undifferentiated ESC cultures. These include, but
are not limited to, activin A [17], thrombopoetin
[18], oncostatin M [19], and basic fibroblast growth
factor [20–22].

The study of mouse ES cells provided enormous
insight into the basics of cell biology and paved the
way for isolation of primate and human ES cells.
However, as murine and human ES cells are be-
ing studied further and compared, it is becoming
increasingly clear that these two classes of cells dif-
fer from one another in several aspects [23]. For
example, unlike mouse ES cells, human ES cells
are able to differentiate into trophoblast-like cells
[2, 24]. In addition, human ES cells do not appear
to require LIF for propagation and maintenance in
an undifferentiated state. This phenomenon may be
attributed to the lack of LIF-receptor expression by
human ES cells and the prominence of the recep-
tor on mouse ES cells, as described by Rao’s group
[23]. In the aforementioned study, the investigators
compared the expression of nearly 400 genes in a
common mouse ES cell line (D3) versus an easily
available human ES cell line (H1) to reveal inter-
esting similarities and differences between the two.
One of the more striking findings was the identifica-
tion of an immunoreactive cell subpopulation inter-
spersed within the undifferentiated human ES cells,
whereas no such population was identified in the
mouse ES cell culture. Such findings may have great
implications for conclusions drawn regarding basic
ES cell biology (in this case, the immunogenicity
of ES cells). This only underscores the importance
of careful characterization and comparison of both
murine and human cell lines to effectively under-
stand stem cell biology and safely take steps toward
translation of such work into therapeutic interven-
tion.

If human ES-cell-based transplantation ther-
apy is to become a reality, large-scale production
of cells must be achieved while minimizing the
risk of pathogenic cross-contamination from an-
imal and/or human tissue derived support sys-
tems. Hence, as upscaling technology has advanced,
so too has the ability to maintain human ES cell
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cultures in systems free of xenogenic and human
support elements. Successful human-only prepara-
tions that allow for prolonged and undifferentiated
ES cell growth have been described by several in-
vestigators. In such systems, the traditional murine
MEF layer may be replaced by human ES-cell-
derived fibroblast-like cells [25], combinations of
adult-derived human fibroblasts and fetal cells [26],
placental-derived cells [27, 28], human foreskin-
derived feeders [29], or human adult marrow cells
[30]. In addition to being completely human-tissue
based, many of the above-described preparations
also avoid the use of any serum, further reducing
the risk of pathogen contamination. Most recently,
several investigators have described yet another
technological advance in human ES cell cultivation,
whereby the feeder layer is eliminated, thus estab-
lishing true serum- and feeder-free cultures. For ex-
ample, Rosler et al. described long-term (>1 year)
maintenance of undifferentiated, pluripotent hu-
man ES cells in the absence of a feeder layer [31].
Similarly, Amit et al. as well as Lanza’s group have
published methodologies for maintaining human
ES cells in the absence of both feeder cells and any
serum-based products [32, 33].

Differentiation of ES cells into
cardiomyocytes

Ironically, one of the remarkable qualities of ES
cells, namely pluripotency, may prove to be a ma-
jor obstacle to successful application for therapy. ES
cell transplantation experiments in rodents have al-
ready demonstrated that undifferentiated ES cells
will proliferate unchecked in the host to form ter-
atomas [1, 34]. One strategy to combat this potential
complication has revolved around inducing ES cells
to first differentiate into cardiomyocytes in vitro.
For the ideal implementation of this approach, ES
cells would be grown in large numbers and coached
to adopt developmental fates of cardiomyocytes.
The resultant populations of cardiac progenitor cells
would then be purified, ensuring no undifferenti-
ated ES cells persisted, and then be prepared for
transplantation into the host myocardium. Ideally,
a redundant “check” system would be in place such
that any cellular misbehavior posttransplant could
also be controlled. Such a refined system is still more
science fiction than fact. However, there have been
many recent advances in the areas of selective dif-

ferentiation of ES cells into cardiomyocytes and the
subsequent purification of such populations.

In the absence of inhibitory factors, ES cells can
spontaneously differentiate in vitro to form various
types of tissues (e.g., bone, cartilage, muscle). It was
observed early on that, when permitted to aggregate
in culture, ES cells would form small embryo-like
collections of cells, dubbed “embryoid bodies” [35].
Further refinement of culturing techniques resulted
in the establishment of “hanging drop” prepara-
tions, allowing for growth of a single embryoid body
in a small drop of medium suspended from the
top of a culture dish [36]. As the embryoid body
matures, cells can give rise to early embryonic lin-
eages, including clusters of beating cells that contain
cardiomyocytes. Unfortunately, the rate of sponta-
neous differentiation of embryoid bodies into car-
diomyocytes is exceedingly low and leaves much
room for improvement. As demonstrated by Kehat
et al., only 8% of embryoid bodies grown in sus-
pension undergo spontaneous differentiation into
beating clusters and only approximately 30% of
the cells contained in these clusters are actual car-
diomyocytes [4]. A number of techniques have since
been described that have improved the efficiency of
cardiomyogenic differentiation in vitro and will be
briefly discussed.

Strategies to induce cardiac-specific differenti-
ation of ES cells largely rely upon modulation of
culturing conditions. Included in this approach are
coculturing with different cell types, alterations in
serum content of the medium, introduction of en-
dogenous growth factors, addition of various bioor-
ganic molecules, and biomechanical manipulation
of the culturing environment. Mummery et al. first
reported the use of coculture of murine-derived
visceral-endoderm-like cells with human ES cells
in 2003 [8]. They observed that the presence of the
visceral-endoderm-like cells promoted a high rate
of differentiation into cardiomyocytes. Passier and
colleagues later augmented this effect by eliminating
serum from the coculture and supplementing with
ascorbic acid [37]. Together, these manipulations
resulted in a near 25-fold increase in the number of
beating areas per cell preparation.

Evaluation of various growth factors and pro-
teins has also revealed a diverse array of agents
capable of inducing cardiomyogenesis from ES
cells. As a collective group of peptides and secreted
factors, fibroblast-derived extracellular matrix

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


108 PART III Progenitor cells and the diseased heart

(cardiogel) was shown, by Ashtiani’s group, to
promote early maturation of mouse ES-cell-derived
cardiomyocytes in culture [38]. Studies evaluating
specific growth factors in murine ES cell systems
have revealed basic fibroblast growth factor (type
1 and 2) [39, 40], sphingosine-1-phosphate [41],
platelet-derived growth factor-BB [41], trans-
forming growth factor-β (TGF-β) (type 1 and 2)
[42, 43], and bone morphogenic protein-2 [40]
to promote cardiomyogenesis. Finally, hormones
such as erythropoietin [44] and oxytocin [45] have
also been shown to modulate early myocardial cell
differentiation of mouse ES cells in vitro.

In addition to growth factor and hormones, sev-
eral bioorganic and small molecules have been de-
scribed to have procardiogenic differentiation ef-
fects upon cultured ES cells. Examples germane to
mouse ES cells include dynorphin B (an endoge-
nous opiod) [46], ascorbic acid [47], nitric oxide
[48], and retinoic acid [49–51]. It is noteworthy
that 5-aza-2′-deoxycytidine has been described, by
Xu et al., to promote cardiomyocyte differentiation
of human ES cells in culture [6].

Biomechanical modulations of the ES cell cultur-
ing environment that appear to induce an enhance-
ment of myocardial differentiation include the in-
troduction of laminar shear stress as conducted by
Illi et al. [52] Other approaches have employed the
use of electrical field modulations [53] and rotating
suspension techniques [51, 54]. The latter technique
of rotating suspension-based culture has proven
particularly intriguing, given its ability to produce
high numbers of differentiated cardiomyocytes.

Once a population of ES cells is successfully
induced to adopt a cardiac fate, it becomes yet
another challenge to isolate and further purify such
subpopulations while avoiding contamination
by pluripotent ES cells. Presently, methodologies
for isolation and purification of ES-cell-derived
cardiomyocytes fall into two broad categories:
mechanical and genetic techniques. Mechanical
isolation may be as simple as manual extraction
of beating cardiomyocytes off a culture plate
followed by clonal expansion. However, this is
clearly not a technique suited for large-scale,
high throughput culturing and isolation of cells
that would be required for clinical applications.
Other mechanical separation/purification methods
include Percoll density gradient-based isolation as
described by Xu et al. [6] Although this technique

improves the throughput of isolation compared
to manual excision, it still does not yield a pure
population of cardiomyocytes, as the reported pu-
rity of cardiomyocytes isolated by Percoll was only
70% [6].

An alternative isolation and enrichment strat-
egy elegantly combines the use of genetic engineer-
ing and molecular biology techniques to achieve
purer populations of cardiomyocytes on a large-
scale. With this approach, a fusion gene consist-
ing of both a promoter and “selection” gene are
introduced into the ES cells in culture. The pro-
moter should ideally drive a gene that is expressed
once the ES cells begin to differentiate down the
cardiomyocyte pathway. The selection gene might
encode for any number of proteins that could aid
in the rapid and specific isolation of the differenti-
ated cell. The choice of selection gene will depend
on the methodologies preferred and available to the
investigator. Klug et al. described the use of this
method to obtain mouse ES-cell-derived cardiomy-
ocyte populations that were 99% pure [55]. For their
system, Klug’s group used a fusion gene consisting
of alpha-cardiac myosin heavy chain promoter driv-
ing expression of aminoglycoside phosphotrans-
ferase, which is an enzyme that confers resistance
to the cytotoxic agent geneticin (G418). Once the
transgenic mouse ES cells began to differentiate, the
cardiac-specific promoter was “turned on” and thus
the differentiating cells began to express aminogly-
coside phosphotransferase, allowing them to sur-
vive treatment of the culture system with G418.
The resultant, surviving cells were an exceedingly
pure population of cardiomyocytes. Muller et al.
later described a similar technique whereby mouse
ES cells were transfected with a fusion gene con-
sisting of a ventricular-specific promoter (2.1-kb
myosin light chain-2v) linked to enhanced green
fluorescent protein [56]. In this case, murine ES
cells differentiating into cardiomyocytes expressed
enhanced green fluorescent protein, which en-
abled the fluorescent-activated cell sorting based
collection of a 97% pure cardiomyocyte pop-
ulation. Finally, genetic enrichment techniques
have been combined with biomechanical culturing
modulations to achieve large numbers of high-
purity ES-cell-derived cardiomyocytes.

Specifically, Zweigerdt and colleagues combined
the G418 antibiotic-driven resistance method, de-
scribed above, with a rotating suspension culture
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system [54]. Using this culturing system, the group
produced a 99% pure population of cardiomyocytes
at a concentration of 2.1 × 105 cells/mL, starting
with only 2.5–8 × 106 differentiating cells 20 days
prior. This study also illustrates quite nicely the
synergy that can be achieved between the various
methodologies discussed thus far. Indeed, there is
probably no single methodology or technique that
will yield the goal of high-volume, high-purity cell
populations suitable for clinical use. Rather, such
an objective will likely only be achieved by cross-
fertilization of several technologies across various
disciplines. Finally, although genetic manipulation
of ES cells affords high-throughput isolation and
purification of cardiomyocytes, there is much need
in the way of validation and assessment of safety
when translating such techniques to human ES cells
intended for therapeutic use.

While the scientific community has made con-
siderable strides in cultivating ES cells and pro-
moting their differentiation down cardiac-specific
pathways, the basic understanding of mechanisms
regulating such differentiation remains poor. There
are numerous pathways that have been implicated as
key regulators of cardiac differentiation, and there
is likely much crosstalk and overlap between them.
Certainly, the signaling pathways downstream of
the receptors for growth factors empirically ob-
served to promote cardiomyocyte differentiation
are of importance. Indeed, this has already been
demonstrated for retinoid X receptor signaling [50]
as well as for pathways downstream of the TGF-β
and bone morphogenic protein-2 receptors [42].
Other pathways implicated in cardiomyogenic dif-
ferentiation include the Nodal/Cripto/Alk4 signal
pathway [57], JAK2/STAT3 [58], oxytocin/oxytocin
receptor system [45], GTPase Rac1 [59], Wnt11
signaling [60], sP(3)-dependent Ca2+ signals [61],
and protein kinase C signaling [46, 62]. Elucida-
tion of the mechanisms underlying ES cell differ-
entiation (both into cardiomyocytes and other cell
types) will be an important requisite for optimiz-
ing potential therapies that might emerge from this
field.

In vivo data from animal models

Data obtained from rodent models evaluating the
fate of undifferentiated ES cells transplanted into the
heart demonstrate mixed results. Early studies by

Hodgson et al. and Xiao’s groups evaluated mouse
ES xenotransplantation into the hearts of immuno-
competent rats following left anterior artery ligation
induced infarction [63–65]. Collective data from
these studies appeared quite encouraging. Investi-
gators found evidence of long-term (12–32 weeks)
survival of transplanted ES cells and, based on post-
mortem histological evaluation, differentiation of
surviving cells into cardiac lineages. Cell therapy
also mitigated postinfarct remodeling, improved
angiogenesis within the infarct zone, and conferred
an improvement in cardiac function compared to
injection of saline or medium alone. Adverse seque-
lae such as graft rejection, sudden cardiac death,
or arrhythmogenesis were not appreciated in these
studies. Most notably, no tumorigenesis or teratoma
formation was observed. By contrast, more recent
studies by Cao et al. demonstrated that mouse ES
cells transplanted into the noninjured hearts of
athymic nude mice formed teratomas by as early
as 3 weeks following transplant [34]. In these stud-
ies, ES cells were stably transfected with molecular
imaging reporter genes, allowing for repeated visu-
alization and quantification of cell proliferation and
migration in vivo by multiple imaging modalities
(Figure 11.1). The observed logarithmic increase in
cell signal between 2 and 3 weeks following trans-
plant was consistent with uncontrolled prolifera-
tion and teratoma formation and was confirmed
by postmortem histological analysis. Similarly, in
studies conducted earlier by Swijnenburg et al., un-
differentiated mouse ES cells also formed teratomas
in the recipient hearts [66]. Results from these stud-
ies further underscore the importance of isolat-
ing purified cardiomyocyte populations suitable for
transplant.

To this end, several groups have now pushed
ahead with experiments using small and large an-
imal models for evaluation of ES-cell-derived car-
diomyocytes transplanted into the heart. Laflamme
et al. demonstrated that human ES-cell-derived car-
diomyoblasts transplanted into athymic rat hearts
successfully engraft, proliferate, and express sev-
eral cardiac cell markers, without evidence of ter-
atomas up to 4 weeks postoperatively [67]. Xue
and colleagues transplanted cardiomyocytes de-
rived from human ES cells into guinea pig hearts
and found the cells to engraft as well [7]. Moreover,
electrophysiological mapping of the hearts revealed
that the transplanted cells functionally integrated
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Figure 11.1 Multimodality molecular imaging of
embryonic stem cells in living animals. Upper panel: optical
bioluminescence imaging showing mouse ES cells
expressing the Fluc gene at day 4, week 1, week 2, week 3,
and week 4 after intramyocardial transplantation. Lower
panel: detailed tomographic view of cardiac positron

emission tomography (PET) imaging of [18F]-FHBG activity,
showing mouse ES cells expressing the HSV1-ttk (herpes
simplex virus 1-truncated thymidine kinase) reporter gene
at corresponding time points. (Adapted from [34], with
permission.)

and electrocoupled with host myocardium. This
work confirmed the finding presented earlier by
Kehat et al., who demonstrated electromechani-
cal and structural coupling of transplanted human
ES-cell-derived cardiomyoblasts with the host my-
ocardium in pigs [68] These collective data suggest
that human ES-cell-derived cardiomyoblast trans-
plantation might potentially be feasible and safe.
However, as will be discussed, there still remain
many hurdles and significant concerns before such
therapy may even be considered in humans.

Keeping an eye on therapy:
imaging of ES cells

As the field of ES cell transplant gradually trans-
lates into reality, it will become imperative that
methodologies be adopted to monitor and assess
the bioactivity and location of the transplanted cells.
In presently established areas of transplant biol-
ogy, both biochemical assays and imaging modali-
ties exist to provide detailed information as to the
structure and function of the transplanted organ.
For example, a liver transplant can easily be as-
sessed by a host of serum blood tests and various
types of imaging (ultrasound, magnetic resonance

imaging, computed tomography). However, assess-
ing the status of stem cell transplant therapy is not
so simple. There are presently no good direct mea-
sures of cell function that can be performed in vivo
for humans. If one examines the experience with
bone marrow stem cell therapy for the heart, for ex-
ample, it becomes readily apparent that the nearly
20 clinical trials being conducted worldwide have
failed to track the long-term fate of transplanted
cells simply because there are no good tools to do
so. Moreover, efficacy of the cell transplants is mea-
sured by assessment of heart function, but this data
cannot be correlated to the biological state of the
cells, since the cells themselves can neither be vi-
sualized nor assayed in the living subject. Although
the appropriate methodologies and tools are not yet
available in the clinic, they are available for use at
the benchtop and for small-animal studies.

As ES cell biology is further elucidated in the labo-
ratory setting, the need for concurrent development
of methodologies to track and assess these cells in
vivo should not be neglected. Studies by Wu’s group
at Stanford have demonstrated the importance of
this concept as demonstrated by their finding that
undifferentiated mouse ES cells transplanted into
the donor heart result not only in local teratoma
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formation, but also produce metastatic spread of the
tumor [34]. Such a finding might have been more
easily overlooked if assessment of the transplant was
made by traditional, postmortem histological anal-
ysis alone. Instead, the ability to image the entire
animal and track the whole body distribution of
transplanted cells (and their progeny) allowed for
continual, quantitative assessment of tumor load
(Figure 11.2) as well as efficacy of antitumor ther-
apy (discussed below).

A detailed discussion of the various molecular
imaging techniques available to evaluate cell ther-
apy is outside the scope of this chapter (for a com-
prehensive review, please refer to [69]). However,
investigators have successfully used magnetic reso-
nance imaging [70], positron emission tomography
(PET) [34], and bioluminescent imaging [34] to
track ES cell transplantation in vivo. It is likely that
such technologies will help guide the development
of clinically suitable human ES-cell-derived car-
diomyocytes and will also be used to assess their
clinical efficacy in the future.

Translation into the clinic:
practical challenges

Although present data suggest that human ES-cell-
derived cardiomyoblast transplantation may pro-
vide a reasonable means of myocardial restoration,
there remain several unresolved issues and gaps to
be bridged between the laboratory and bedside.
Some of the major areas for concern regarding hu-
man ES cell therapy include the immunogenic pro-
file of the cells (and their derivative lineages), po-
tential for posttransplant cellular misbehavior (i.e.,
teratoma formation), optimizing cell delivery and
retention, as well as potential for posttransplant
arrhythmogenecity. These topics will be touched
upon briefly.

Allogeneic rejection by recipients may severely
hamper the therapeutic efficacy of transplanted ES
cell (see Chap. 3). Whether ES cells are, in fact, im-
munoprivileged remains undetermined, with con-
flicting evidence by several investigators. Drukker
et al. have shown that the immunostimulatory pro-
file of human ES cells and their differentiated deriva-
tives is quite mild, given their relatively low to ab-
sent levels of major histocompatibility complex and
natural killer cell receptor expression [71]. Further

Figure 11.2 Ablation of teratoma formation with HSV1-ttk
as both a reporter gene and a suicide gene. Treatment of
control animals with saline resulted in multiple teratoma
formation by week 5 (bottom panel). Treatment of study
animals with ganciclovir for 2 weeks showed abrogation of
both bioluminescence and PET imaging signals (top panel).
(Adapted from [34], with permission.)

support for the immunoprivileged hypothesis is
provided by data from Li et al., who showed that
human ES cells injected into the quadriceps mus-
cle of immunocompetent mice did not elicit an im-
mune response as assayed by histological evaluation
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[72]. Finally, Menard et al. demonstrated no sur-
vival advantage of mouse ES cells transplanted into
the hearts of immunosuppressed sheep compared to
those receiving no antirejection therapy at 1 month
posttransplant [73]. In contrast to these findings, a
series of studies from Robbins’ group suggest that
ES cells do mount a host immune response in vivo.
Specifically, Kofidis et al. transplanted mouse ES
cells into the hearts of syngeneic, allogeneic, and
immunocompromised recipients [74]. Results from
these studies showed that cellular transplant in-
duced a humoral antibody and local cellular infil-
trative immune response that was highest in the
in the allogeneic recipients. Swijnenburg et al. also
evaluated the immunogenicity of mouse ES cells in
vivo by cardiac transplantation into syngeneic and
allogeneic hosts [66]. These experiments revealed
immune cell infiltration into the allogeneic graft
sites, with no detectable transplanted cells at 8 weeks
postoperatively. In contrast, the syngeneic hosts had
persistent engraftment of transplanted cells at 8
weeks and exhibited no evidence of infiltration.
Clearly, the immunogenicity of ES cells and their
derivatives warrants further, in-depth investigation.

Another potential pitfall of ES cell therapy re-
mains the potential for teratoma formation (see
Chap. 3). Although it is clear that undifferentiated
ES cells will give rise to teratomas in vivo, present
data seem to suggest that pure populations of car-
diomyocytes do not exhibit such cellular misbehav-
ior. Regardless, contamination of pure populations
with undifferentiated cells and/or dedifferentiation
of cells to a more immature state are valid concerns.
To date, no one has described a 100% pure popu-
lation of ES-cell-derived cardiomyocytes. It will be
essential to achieve pure populations of such cells
if the threat of cellular misbehavior (i.e., teratoma
formation) is to be minimized. Clearly, to realize
the goal of clinical cellular transplantation, further
refinement of the cardiomyocyte isolation and en-
richment processes is absolutely needed. In addi-
tion, fail-safe measures to control cell behavior post-
transplant may also be of utility. Such an approach
has been already demonstrated in animal studies by
Cao et al. [34]. To effectively curb teratomas arising
from transplanted cells in vivo, this group utilized
the concept of suicide gene therapy. To achieve this,
a dual property of thymidine kinase (TK) reporter
gene was exploited. ES cells were stably transfected

with the viral TK gene prior to transplantation. This
gene allows for visualization of the cells when a ra-
dioactively tagged PET reporter probe, 9-(4-fluoro-
3-hydroxymethylbutyl) guanine ([18F]-FHBG), is
injected into the animal. Only ES cells expressing
the TK reporter gene will phosphorylate and trap
the [18F]-FHBG PET reporter probe. However, TK
also selectively phosphorylates antiviral drugs such
as ganciclovir, allowing for targeted destruction of
the transplanted cells if need be. This rather elegant
system is illustrated in Figure 2, which demonstrates
the utility of noninvasive imaging to track cell ther-
apy and evaluate the efficacy of treatments designed
to modulate cellular behavior in vivo.

The issues of cell delivery, retention by the my-
ocardium, and posttransplant survival remain areas
that require further investigation and optimization.
For example, the ideal timing (acute or late after my-
ocardial infarction) and delivery routes (intracoro-
nary, direct myocardial injection, or systemic ad-
ministration) needed for optimal cell engraftment
and retention still need to be determined. Addition-
ally, the degree of injury of the host myocardium will
likely affect the ability of cells to acutely engraft. This
has been demonstrated by Dow and colleagues who
have shown in rats that ischemia reperfusion injury
mitigates transplanted cell retention compared to
hearts that underwent left anterior artery ligation
[75]. Such findings point to the importance of the
host environment in supporting cellular grafts. One
of the key challenges in this regard will remain opti-
mizing vascular support for freshly engrafted cells.
Investigators have postulated that a possible reason
for the early demise of cellular grafts may largely be
due to inadequate angiogenic support. A potential
solution may lie in the concomitant introduction
of vascular progenitor cells that might proliferate
in concert with the cell graft to achieve an adequate
vascular support structure (see Chaps 12 & 13). The
source of such cells may be from circulating progen-
itor cells or endothelial progenitors derived from
ES cell themselves. Alternatively, “pretreatment” or
adjuvant angiogenic gene therapy to optimize peri-
transplant angiogenesis may also be avenues to pur-
sue. The need to further advancement in this area is
clear and will likely be integral to the advancement
of cardiac cellular transplantation.

Ultimately, prolonging the survival of trans-
planted cell grafts will likely involve optimization
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of various biological systems, including modulation
of the immune response, regulation of cell home-
ostasis mechanisms, providing bioartifical cell scaf-
folds, establishing adequate vascular support, and
balancing cell apoptotic pathways. The latter strat-
egy has already been explored in vivo by Kutschka
et al., who showed that cardiomyocytes overexpress-
ing the antiapoptotic gene BCL-2 had prolonged
survival compared to control cardiomyocytes trans-
planted into infarcted rat hearts [76]. Such ap-
proaches may also benefit transplanted ES cell sur-
vival in the future.

Although arrhythmogenicity has not yet mani-
fested as a potential complication of ES-cell-derived
cardiomyocyte transplantation in animal models,
such cells have demonstrated arrhythmic poten-
tial in vitro [77]. To prevent ectopic foci of car-
diac electrical activity from forming, measures will
be needed to ensure appropriate host–donor elec-
tromechanical coupling. These technologies remain
to be described. Finally, genetic manipulation of
the cells prior to transplant such that selective
“electric gating” or quiescence might be accom-
plished posttransplant by administration of a drug
or small molecule may also be another fail-safe
feature.

Ethical considerations

No discussion of ES cell research would be complete
without a mention of the politico-ethical debate the
field has spawned. Without a doubt, ES-cell-related
research holds great potential for millions suffering
from numerous of medical conditions, including
heart disease. However, as the only source for new
human ES cell lines remains human embryos, the
issue remains charged, with many opposed to the
idea of using cells derived from such a source. In
the United States, the debate has bled over from the
confines of ethico-religious circles and has become
a galvanized political issue [78], with the present ad-
ministration staunchly fixed against either expand-
ing funding for or supporting the development of
novel ES cells lines. This has placed the responsi-
bility of charting new frontiers in the hands of the
private sector in the United States as well as aca-
demic centers and industry based in other nations
that are more aggressively pursuing the promising
area of ES cell research.

Conclusion

The last several years have produced revolution-
ary advancements in the area of ES cell research.
These unique cells may potentially change the face
of regenerative medicine as well as provide pro-
found insights into the mechanisms of develop-
ment and disease progression. With regards to my-
ocardial restorative therapy, initial results appear
promising, as ES-cell-derived, differentiated car-
diomyocytes seem to improve myocardial function
following injury. Nonetheless, we are still many
years away from safely translating these initial ob-
servations into therapy for humans. To date, ES cells
have not been delivered to humans. It is likely that
the initial patient populations that will most bene-
fit from such treatment will be those suffering from
debilitating, degenerative disease processes such as
chronic heart failure and neurological disorders. If
such goals are to be achieved, however, they will be
predicated upon a detailed understanding and ap-
preciation for the biology and mechanistic details
underlying ES cell growth, development, function,
differentiation, and survival.
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12 CHAPTER 12

Bone-marrow-derived cells in
myocardial repair and regeneration

Raj Kishore, PhD, & Douglas W. Losordo, MD

Introduction

Despite the improvement shown in the progno-
sis of patients with acute myocardial infarction
(AMI) with the use of available therapies includ-
ing thrombolysis and urgent coronary revascular-
izations, there remains still a significant mortality
risk while a significant proportion of MI survivors
are at risk for developing heart failure. Post-MI left
ventricular (LV) remodeling—a process character-
ized by a mechanical expansion of the infarcted wall
followed by progressive LV dilation and dysfunction
[1]—plays an important role in the progressive na-
ture of postinfarct heart failure (see Chap 21). Since
the main underlying trigger of this process is the loss
of cardiomyocytes and microvasculature in the in-
farcted wall, treatment strategies aimed at preserv-
ing or regenerating myocardial tissue are currently
being examined as potential therapeutic modalities.

In 1960, McCulloch and Till introduced the con-
cept of the adult stem cell by identifying the bone
marrow (BM) as a repository of cells having the
capability of reconstituting the entire hematopoi-
etic system following lethal irradiation [2]. Over
30 years later Asahara et al extended this concept,
revealing that BM-derived cells were also capable
of vasculogenesis (see Chap 5), a process previously
considered to be restricted to embryonic life [3]. Ev-
idence has also continued to accumulate, indicating
the remarkable ability of adult stem cells to produce
differentiated cells from embryologically unrelated
tissues. There are also convincing data regarding
the existence of cardiac stem cells, supporting the
notion that the heart has its own intrinsic regen-
erative capacity [4]. In addition, both cardiac stem

cells and extracardiac BM/BM-derived progenitors
have been shown to regenerate myocytes and vascu-
lature [5–9]. In particular, when BM-derived cells,
both of murine and of human origin, are trans-
planted or mobilized in animal models of MI, they
have been shown to home to infarct and periinfarct
myocardium, inducing both myogenesis and angio-
genesis, while improving cardiac function and sur-
vival [10]. Thus, ample experimental evidence sup-
ports the notion that transplanted BM-derived cells
participate directly and indirectly in the regenera-
tion of cardiac myocytes and the microvasculature
post-MI.

Three available lines of evidence converge in favor
of this interpretation: (1) the recent observations
that cardiac endogenous stem cells are present in the
normal myocardium (see Chap 9) and are involved
in the maintenance of cardiac cellular homeostasis,
with the ability to expand and regenerate myocytes
and microvasculature in the infarcted myocardium
[4], (2) the evidence that in humans cardiomyocyte
repopulation by BM-derived progenitors of
hematopoietic origin can take place [11, 12], and
(3) the demonstration that it is possible to increase
the efficiency of the intrinsic cardiac regenerative
capacity of animals with AMI by the local deliv-
ery or mobilization of BM-derived cells, resulting
in a reduction of infarct size and an improvement
in LV performance and survival [5, 13–15]. It is
therefore, reasonable to propose that BM-derived
cells are part of an endogenous repair/regeneration
process. These observations also provide evidence
that BM-derived cells act through a combination
of paracrine effects that stimulate the expansion,
homing, and differentiation of endogenous cardiac
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stem cells on one hand and the transdifferentiation
of the BM-derived cells toward cardiac and vascular
cells on the other [9, 16, 17]. In this chapter, we will
present and discuss the preclinical and clinical evi-
dence for myocardial/vascular regeneration limited
to that derived from human BM-derived cells.

Human BM cell transplantation
and cardiac repair: functional and
anatomical evidence from
preclinical studies

BM remains the best described source of adult stem
cells, both in animals and in humans. Three stem
cell subsets from the BM have been described, which
include (i) hematopoietic stem cells (HSCs), char-
acterized by the marker protein CD34 or the more
immature marker protein CD133, and their periph-
eral blood/BM-derived progeny endothelial pro-
genitor cells (EPCs) which also express endothelial
markers (such as Flk1) along with CD34/CD133
[3, 10] (see also Chap 5) (ii) a specific subset
of enriched HSCs termed as “side population”
(CD34−/low, c-Kit+, Sca-1+lin−) cells [18] (see
also Chapter 7); and (iii) mesenchymal stem cells
(MSCs) which are characterized by the expression
of various cell surface markers depending on ori-
gin and in vitro expansion procedures [19] (see also
Chap 4). A subset of MSCs, multipotent adult pro-
genitor cells, has also been described which differen-
tiate, at the single-cell level, not only into mesenchy-
mal cells but also into cells with characteristics of the
visceral mesoderm, neuroectoderm, and endoderm
in vitro [20]. Our laboratory has also described an-
other multipotent BM-derived cell notable for the
lack of surface markers that had characterized pre-
viously described cells [8].

Most preclinical data using human BM/
peripheral blood-derived progenitor cell transplan-
tation in the setting of myocardial ischemia in small
animals are limited to HSCs/EPCs and MSCs, and
form the basis of the following discussion. Table
12.1 summarizes the existing preclinical evidence
regarding the postinfarct myocardial repair that
follows transplantation of human BM-/peripheral
blood-derived cells [5, 8, 13, 21–28].

An integral component of the repair process is
neovascularization within the myocardial infarct
and periinfarct regions. The results of preclini-

cal studies have consistently shown the relation-
ship between the increases in capillary density and
the preservation of function. Interventions post-MI
that increase or preserve the microcirculation also
appear to improve myocardial function. The isola-
tion, characterization, and functional contribution
of BM-derived circulating EPCs in the process of
ischemic neovascularization was first described in
our laboratories [3]. These findings led to a num-
ber of subsequent follow-up studies using human
EPC transplantation in athymic rodents and have
demonstrated repeatedly that therapeutic neovas-
cularization and functional blood flow recovery oc-
curred in surgically induced hind limb ischemia
models [29, 30]. Human BM-derived cells have
also been used for the repair of experimental MI
in small animals. Granulocyte-colony-stimulating
factor mobilized human BM-derived CD34+ cells,
when implanted in immunodeficient rats after ex-
perimental MI, were shown to directly induce new
blood vessel formation in the infarct bed and to
induce proliferation of the preexisting vascula-
ture. The neovascularization resulted in a decreased
apoptosis rate of hypertrophied myocytes in the
periinfarct region, the long-term salvage and sur-
vival of viable myocardium, a reduction in colla-
gen deposition, and a sustained improvement in
cardiac function [13]. Similarly, studies from our
laboratories revealed that transplantation of ex vivo
expanded human EPCs in a rat model of AMI en-
hanced myocardial capillary density, led to the in-
corporation of transplanted human EPCs into foci
of myocardial neovascularization, and had a favor-
able impact on the preservation of LV function [5].

These preclinical data are consistent with clinical
data, indicating that the microvascular perfusion
post-MI, whether assessed by contrast echo [31] or
angiography [32], correlates closely with the out-
come. Most notably, and consistent with preclinical
data, the pilot clinical trial data in patients have
shown that microvascular function, measured as
coronary flow reserve, increases after administra-
tion of BM-derived progenitor cells to patients and
parallels clinical improvement [33].

Another integral component of the remodel-
ing process in the infarcted heart is characterized
by progressive expansion of the initial infarct area
and dilation of the LV lumen with cardiomyocyte
replacement by fibrous tissue deposition in the
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Table 12.1 Experimental studies using human bone-marrow-derived stem/progenitor cells in animal models of myocardial
infarction.

Model/study Cells Route of cell application Functional/histological outcome

SCID mouse MI [21] BM-derived MSC Intramuscular injection Decreased infarct size, increased

capillary density, improved

ventricular function,

transplanted cells positive for

cardiac markers

Sheep in utero [22] BM-MSC 5–20 × 106 cells/fetus

intraperitoneal

Long-term engraftment and

site-specific differentiation into

chondrocytes, adipocytes,

myocytes, and cardiomyocytes

of transplanted human cells.

In vitro [23] BM mononuclear cells Seeded on mouse heart

slices and ex vivo

cultured

Seeded human BM cells acquired

cardiomyocyte phenotype and

expressed cardiac proteins.

MI in athymic nude

rats [13]

G-CSF-induced freshly

isolated peripheral

CD34 + cells

Intravenous injection of

2 × 106 cells

Stimulation of

neovascularization.

Preservation of LV function

MI in athymic nude

rats [5]

Peripheral Blood EPCs Intravenous injection of

106 culture-expanded

human EPCs

Improved cardiac hemodynamics.

Increased capillary density.

Decreased ventricular scarring

Nude rat AMI [8] Clonally expanded BM

stem cells

8 × 105 hBMSCs,

intramyocardial

injections

Improved ventricular functions,

transdifferentiation into

endothelial, smooth muscle

and cardiomyocytes in vivo

SCID mice MI [24] Peripheral blood CD34+
cells

Intramyocardial

injections

Cardiomyocyte differentiation of

CD34+ cells by cell fusion and

to EC by transdifferentiation

NOD/SCID mice MI

[25]

Cord blood

mononuclear cells

Tail-vein injections Homing to ischemic heart, smaller

infarct area, higher capillary

density, no CM differentiation,

chimeric capillaries

SCID mice MI [26] Peripheral blood CD34+
cells

Intramyocardial

injections

Cardiomyocyte and endothelial

transdifferentiation, cell fusion

CB17 SCID/beige

mice heart [27]

BM-MSCs Intracardiac injection

cells

Differentiation of engrafted

MSCs into cardiomyocytes

SCID mice MI [28] Human peripheral

blood CD34+ cells

Intravenous Engraftment and injury induced

CM, EC, SMC

transdifferentiation

SCID = severe combined immunodeficiency; NOD = nonobese diabetic; AMI = acute myocardial infarction; BM-MSC = bone
marrow mesenchymal stem cell; G-CS = granulocyte colony-stimulating factor; LV = left ventricular ; EPCs = endothelial
progenitor cells; hBMSCs = human bone marrow stem cells; CM = cardiomyocytes; EC = endothelial cell; SMC = smooth
muscle cell.

ventricular wall. As discussed above, neovascular-
ization induced by BM-derived cells represents one
aspect of cardiac repair that can result in the preser-
vation of cardiac function. A complementary ap-
proach to reverse myocardial remodeling is to use

BM-derived stem cells for the regeneration of car-
diac myocytes. The capability of a subpopulation
of BM cells to differentiate into cardiomyocytes is
a crucial but controversial biological issue. Several
experimental reports have documented that new
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myocytes and vascular cells are formed from la-
beled cells injected into damaged myocardium [4,
8, 14, 15, 34]. Clinical studies, particularly of heart
and BM sex-mismatched organ transplants in hu-
mans, have provided clear evidence to support this
paradigm [6]. In contrast to these findings, other in-
vestigators have been unable to document myocyte
differentiation in the mouse model and, therefore,
question the potential of BM cells to regenerate my-
ocardial tissue [35, 36].

Most of the evidence regarding cardiomyocyte
differentiation of transplanted BM cells or, for that
matter the lack thereof, come from either genetically
or chemically tagged syngeneic BM cell transplanta-
tion studies in small animal models of experimental
AMI. However, there does exist some evidence that
when human BM-derived cells are transplanted in
AMI models of immunodeficient rodents, they will
acquire phenotypic characteristics consistent with
cardiomyocyte identity. Human BM-derived MSCs,
for example, when transplanted in utero in sheep,
show engraftment and site-specific differentiation,
including that of cardiomyocytes [22]. In another
study, labeled human BM cells, when seeded on top
of cryoinjured mice heart slices and further cultured
in vitro, demonstrated tropism for and ability to
graft into the damaged mouse cardiac tissue. After
1 week the cells acquired a cardiomyocyte pheno-
type and expressed cardiac proteins, including con-
nexin 43 [23]. It should also be noted that multipo-
tent cells, for example, MSCs, have been identified
in adult human BM and can be induced, under ap-
propriate culture conditions, to differentiate into
lineages of diverse tissues such as bone, cartilage,
fat, tendon, and both skeletal and cardiac muscle
[37].

One question often raised and debated is
the plasticity of human BM-derived cells toward
multilineage transdifferentiation, especially in vivo.
Our recent study addresses many of these concerns
[8]. We were able to identify a subpopulation of
stem cells within the adult human BM, isolated
at the single-cell level, that can self-renew without
loss of multipotency for more than 140 population
doublings and exhibits a capacity for differentia-
tion into cells of all three germ layers. Based on the
analysis of surface marker expression, it maybe said
that these clonally expanded human BM-derived
multipotent stem cells do not appear to belong

to any previously described BM-derived stem cell
population. Intramyocardial transplantation of hu-
man BM-derived multipotent stem cells after MI
resulted in a robust engraftment of transplanted
cells, which exhibited colocalization with mark-
ers of cardiomyocyte, endothelial cells (ECs), and
smooth muscle cell identity (Figure 12.1), consis-
tent with the differentiation of human BM-derived
stem cells into multiple lineages found in in vitro
studies. Our studies have provided extensive hemo-
dynamic evidence from both autologous and het-
erologous BM-derived cell transplantation of an im-
provement in ventricular function in the setting of
AMI. In addition, they provide evidence that human
BM-derived cells are capable of transdifferentiation
into cardiomyocytes, ECs, and vascular muscle cells,
in vivo.

Human BM cell transplantation
and cardiac repair: mechanistic
evidence

Most of the experimental data describing the mech-
anistic aspects of BM-derived stem-cell-mediated
cardiac repair have come from small animal AMI
studies using either injections of chemically tagged,
ex vivo expanded BM/peripheral blood-derived
autologous cells (for example, CD34+ cells and
EPCs) or from studies using syngeneic geneti-
cally tagged BM transplantations. The available ev-
idence from small animal MI studies using human
BM-derived cells generally shows a similar trend.
Stem/progenitor cells may contribute to cardiac re-
pair/regeneration in several ways. This may include
at least two critical processes; physical transdiffer-
entiation of transplanted cells into desired cell type,
resulting in the replacement of lost specific cells, for
example, cardiomyocytes and ECs (often referred
as hardware) and by paracrine effects via secre-
tion of angiogenic, cell survival cytokines/growth
factors (often referred as software). Some of the
involved mechanisms of BM-derived stem-cell-
mediated myocardial repair are discussed below.

Enhanced neovascularization
It has been demonstrated that BM-derived EPCs
circulate in the peripheral blood [3, 38], home to
and incorporate into foci of neovascularization in
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Figure 12.1 Engraftment and multilineage differentiation
of transplanted human bone marrow stems cells (hBMSCs)
in infarcted myocardium. (A–D) Engraftment of DiI-labeled
hBMSCs and transplanted bone marrow cells (TBMCs) into
infarcted myocardium. Numerous hBMSCs (red
fluorescence) are engrafted into the infarct and periinfarct
region of myocardium at 4 weeks after transplantation
(A). In contrast, considerably fewer TBMCs (red
fluorescence) are observed, mostly within the infarct area
(C). (B) and (D) are the Hoffman images of (A) and (C),
respectively, showing the localization of engrafted cells. (E
and F) Immunophenotypic characterization of hBMSCs
that have differentiated into cardiomyocytes (CMCs).
Myocardial samples 4 weeks after transplantation were
stained for cTnI (E) and ANP (F) (each detected with
FITC-labeled secondary Ab). Transplanted DiI-hBMSCs
expressed both markers and were indistinguishable from
host CMCs. (G and H) Myocardial sections stained with
ILB4—an endothelial cell (EC) marker—demonstrate that

DiI-hBMSCs are colocalized with vascular ECs in both the
infarct (G) and the periinfarct (H) area (arrows). (I)
Myocardial sections stained with α-sarcomeric actinin
(α-SMA) illustrate DiI-hBMSC colocalized with vascular
smooth muscle cells (SMCs) (arrows). (J–L) Fluorescence
in situ hybridization (FISH) on hBMSC transplanted hearts.
FISH with α-SMA staining (J) demonstrates that
transplanted hBMSCs shown in FISH+ red fluorescence
express a CMC phenotype (green fluorescence). FISH with
ILB4 staining (K) demonstrates that transplanted hBMSCs
shown in FISH+ red fluorescence exhibit a vascular EC
phenotype (green fluorescence). FISH with α-SMA staining
(L) reveals that transplanted hBMSCs shown in FISH+ red
fluorescence express an SMC phenotype (green
fluorescence). White arrows indicate FISH+ cells stained
with CMC, EC, or SMC markers; yellow arrows indicate
FISH+ cells not stained with CMC, EC, or SMC markers.
Scale bars in (A–I): 100 µm; scale bars in (J–L):
50 µm.

adult animals [39], and increase in number in re-
sponse to tissue ischemia [40]. A large number
of studies in rodents using autologous cells, syn-
geneic or allogeneic EPCs in the setting of hind
limb [29, 30], or myocardial ischemia [5, 13, 41]
have documented an enhancement of neovascular-
ization (see Chapter 11). With regard to human BM/
peripheral blood-derived EPC transplantation in
murine AMI models, systemic administration of
ex vivo expanded EPCs led to their incorporation
into foci of myocardial neovascularization and had
a favorable impact on the preservation of LV func-
tion [5]. Direct intramyocardial injection of human
CD34+ cells has also been shown to induce new
blood vessel formation in the infarct vascular bed
and proliferation of the preexisting vasculature af-
ter an experimental MI in rats [13, 24, 28], while
mobilization and recruitment of CD34+ cells from
the marrow results in enhanced proliferation and

incorporation into the myocardial microvascula-
ture, even at remote time points post-MI [42]. Sim-
ilarly, transplantation of either human BM-derived
MSCs (Table 12.1) or human BM-derived multi-
potent stem cells [8] in AMI murine models was
shown to improve myocardial neovascularization,
as measured by increased capillary density.

Transdifferentiation and/or cell fusion
Transplantation of various BM-derived stem cells,
both of rodent and human origins, after an MI
leads to an engraftment of these stem cells in the
periinfarct area. When human genetic markers or
dye-labeled human BM-derived stem/progenitor
cells were transplanted in mice/rat AMI models
and tracked in vivo, the engrafted cells expressed
endothelial and/or cardiomyocyte marker proteins
[5, 8, 13, 16, 24, 27, 28]. These studies provide ev-
idence of the hardware component of BM-derived
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cell therapy and indicate that transplanted cells can
differentiate into multiple phenotypes within the
myocardium, thereby contributing to myocardial
regeneration.

Other studies from murine BM cell models have
suggested that the phenotypic changes of BM stem
cells may occur as a consequence of cell fusion rather
than transdifferentiation [43, 44]. However, the
interpretation of these study results has been ques-
tioned based upon the recent finding of nanotubes
that can transfer organelles and proteins between
cells, providing the appearance of fusion [45]. It
is noteworthy that under normal conditions many
cardiomyocytes have two or more nuclei [46], sug-
gesting that cell fusion may occur naturally. There-
fore, genetic material derived from BM stem cells
may contribute through cell transfer or fusion to
the survival and function of cells within the my-
ocardium.

Paracrine effects
In contrast to the restoration of lost myocardial cells
by transdifferentiation of transplanted BM stem
cells, the paracrine or so-called software effect of
these cells is less equivocal. BM-derived stem and
progenitor cells have been consistently shown to
home to the sites of ischemia. This allows the local
release of factors acting in a paracrine manner on the
surrounding ischemic tissue. BM-derived mononu-
clear cells release angiogenic growth factors such as
vascular endothelial growth factor, basic fibroblast
growth factor, insulin-like growth factor, and an-
giopoietins, thereby enhancing the local angiogenic
response and cardiomyocyte survival [8, 47].

Despite the noted variability in the mechanis-
tic actions of transplanted BM-derived cells for
myocardial repair or regeneration, we would like
to mention that the term myocardial regeneration
should be used for the convenience of understand-
ing the global therapeutic effects of BM cells in vari-
ous myocardial diseases. The term myocardial repair
or regeneration encompasses a broad range of phe-
nomena. Fundamentally, it refers to the generation
of new cells or tissues that are deficient in the my-
ocardium. However, in much of the literature re-
lated to stem cells, it may also be used to describe
salvage of endangered myocardial cells. This vari-
ability arises from the disease models targeted by the
stem cell therapy in individual investigations. Most

of the investigations on the therapeutic use of stem
cells, including those derived from BM, have been
performed with animal models of AMI, in which
the cells were transplanted within a few hours of
MI—a time point at which the process of myocar-
dial cell loss and replacement fibrosis is not com-
pleted. Therefore, it must be acknowledged that the
myocardial regeneration/repair observed in most of
this literature describes multiple components, such
as the generation of new cells as well as the rescue
of the degenerating cells in the myocardium.

Human BM cell transplantation:
experience from clinical trials

On the basis of the above premises and data ob-
tained from preclinical studies, a number of clini-
cal trials using autologous BM/peripheral as else-
where peripheral blood-derived stem/progenitor
cells have been completed or are currently under-
way for postinfarct myocardial repair. In the clin-
ical setting, the effect of BM-derived cells or pe-
ripheral blood-derived EPCs has also been assessed
(Table 12.2) [33, 48–56]. BM cells (mean number
2.8 × 107) were infused 5–9 days after an AMI. In
comparison with ten nonrandomized control pa-
tients who did not undergo BM aspiration or ad-
ditional catheterization, BM cell infusion enhanced
regional perfusion in the infarct region as assessed
by thallium scintigraphy. Moreover, hemodynamic
variables including stroke volume, end systolic vol-
ume, and regional contractility indices were im-
proved after cell therapy [48]. In TOPCARE-AMI,
BM-derived or peripheral blood EPCs were infused
after a mean of 5 days post-MI. The intervention
was shown to improve global ejection fraction as as-
sessed by LV angiography, compared to no change in
a nonrandomized control patient population [33].
The functional improvement and reduction of end
systolic volumes were documented by magnetic res-
onance imaging in a patient subgroup [55]. Cell
therapy also increased coronary flow reserve, which
indicates an enhancement of neovascularization.
The effects of EPCs from BM and peripheral blood
were comparable, suggesting that both cell types
have the capacity to augment cardiac regeneration.

In addition, these findings have been replicated
in a randomized controlled clinical trial [54] of
60 patients with AMI, who were randomized to
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Table 12.2 Clinical trials using bone-marrow-derived stem/progenitor cells in acute and chronic MI.

Disease/study Cell source Route of cell application Outcome

AMI (20 pts) [48] BM-MNCs (10 pts), no

cell infusion (10 pts)

Intracoronary infusion

during PTCA

Reduced infarcted area;

improved cardiac

hemodynamics

Recent MI and CABG

candidates (6 pts) [49]

Autologous BM

AC133+ cells

Intracardiac injection into

infarct border zone

Improved LV function in four

patients; improved infarct

tissue perfusion in five

patients.

Severe chronic ischemic

heart failure (21 pts)

[50]

Autologous BM-MNCs Transendocardial delivery

of 25 × 106 cells using

electromechanical

mapping system

Reduced infarcted area;

improved cardiac

hemodynamics at 4 months

Severe ischemic heart

failure (8 pts) [51]

Autologous BM-MNCs Transendocardial delivery

using electromechanical

mapping system

Improved myocardial perfusion

and function

No-option patient with

advanced coronary

artery disease (10 pts)

[52]

Autologous BM cells Transendocardial delivery

using electromechanical

mapping system

Improved angina score and

stress-induced ischemia

AMI with stent

implantation (27 pts)

[53]

PB stem cell (CD34 +)

mobilized with

G-CSF

Intracoronary infusion of

7 × 106 cells

Improved exercise capacity,

myocardial perfusion, and

systolic function, higher rate

of in-stent restenosis

AMI with successful

PCI-BOOST trial

(60 pts) [54]

Autologous BM cells

(30 pts), no cell

(30 pts)

Intracoronary infusion Enhanced LV systolic function,

no adverse clinical events; no

increase in in-stent restenosis;

at 18 mos no significant

effects on LV systolic function

AMI (TOPCARE) [33, 55] Autologous BM cells,

circulating

progenitors

Intracoronary infusion Enhanced LV systolic function

TOPCARE-CHD (75 pts)

[59]

Autologous BM cells,

circulating

progenitors

Intracoronary infusion Enhanced LV systolic function

REPAIR-AMI (204 pts)

[60]

Autologous BM cells Intracoronary infusion Enhanced LV systolic function

and fewer clinical events

compared to control

ASTAMI (100 pts) [61] Autologous BM cells Intracoronary infusion No change in LV function

compared to control

Chronic MI (18 pts) [56] Autologous BM stem

cells given up to 8

yrs after MI

Intracoronary infusion Improvement in global LV

function, reduction of infarct

size, infarction wall

movement velocity, and

oxygen uptake

AMI = acute MI; CABG = coronary artery bypass grafting; PB = peripheral blood; PCI = percutaneous coronary intervention;
PTCA = percutaneous transluminal coronary angioplasty; pts = patients; LV = left ventricular; BM-MNCs = bone marrow
mononuclear cells.
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receive intracoronary infusion of BM cells or no
treatment (no recatheterization, no placebo). The
authors reported an increase in ejection fraction and
a reduction of end systolic volumes in the group
of patients receiving BM cells. Recently these au-
thors reported on the long-term follow-up of these
patients, revealing that the early benefit that had
once been observed was not preserved [57]. The
reasons for the apparent loss of benefit have not yet
been resolved [58]. Other clinical trials using autol-
ogous BM-derived cells have shown a similar safety
record and suggestions of functional improvement
(Table 12.2) [59, 60]. A smaller placebo-controlled
study did not reveal any improvement in systolic
function [61].

Finally, a recent report provided early, uncon-
trolled evidence that LV function and exercise ca-
pacity increased, while the area of heart muscle
damage shrank, in 18 patients given infusions of
their own BM stem cells up to 8 years after a
heart attack [56]. The results included an observed
improvement in global LV function by 15%, an
increase in infarct wall movement velocity, and a
significant reduction of infarct size by 30%. These
interesting observations, that await corroboration
by randomized controlled trials, suggest that sal-
vage of myocardial function may be possible very
late after MI, in contrast to long-held paradigms
[62].

Conclusion, limitations, and future
perspectives

Despite incomplete evidence regarding the mecha-
nisms of action, plasticity, transdifferentiation, etc.
the demonstration of improvement in myocardial
function induced following transplantation of au-
tologous BM-derived stem/progenitor cells both in
preclinical as well as in available clinical trials re-
mains a potent force driving discovery and clinical
development simultaneously and has provided new
hope for patients with debilitating heart diseases.

Potential limitations of using autologous BM/
peripheral blood-derived stem/progenitor cells
have been identified and therefore must be acknowl-
edged. Risk factors for coronary artery disease are
reported to be associated with a reduced number
and functional activity of EPCs in the peripheral
blood of patients [63–66]. Likewise, patients with

diabetes showed lower EPC numbers [67]. Simi-
larly, in diabetic mice, EPC-mediated reendothe-
lialization was impaired [68]. Whether these noted
defects in EPCs from patients with preexisting risk
factors or systemic diseases like diabetes also trans-
late to other BM-derived stem cells has not been
studied and would need to be investigated, although
the notion of modifying EPC phenotype in order to
overcome differences in potency has already been
successfully tested [69, 70].

MI is primarily a disease of older persons, and the
senescent myocardium may differ biologically from
the myocardium of young persons and from that
of the small adult animals typically used in initial
stem cell experiments. In particular, the cells (my-
ocytes) themselves and the intercellular messaging
milieu in the interstitial space may be profoundly
different under each clinical condition. Senescence
in the aging myocardium has been characterized
by the predominance of large myofibers expressing
p19INK4—a marker of cellular aging and apoptosis
[71]. It is likely that the molecular signals produced
by such cells and their extracellular environment are
not as favorable for stem cell differentiation, migra-
tion, and integration as are the signals present in
younger hearts. These conditions need to be further
characterized, as this knowledge may allow physi-
cians to modify the environment, making it more
conducive to successful stem cell treatment.

Many interesting questions remain unanswered.
What population of adult BM-derived cells is most
potent? How do BM-derived cells maintain them-
selves? How is their fate determined? Can BM-
derived cells move from one tissue to another to
provide regenerative cells? These questions quickly
give rise to other questions centered around whether
we can manipulate stem cells: can they be isolated
for study or do they only maintain their stem cell
abilities in their in vivo niches? Can they be cul-
ture expanded or does this change their identity,
phenotype, and functional abilities? Can they only
be delivered from exogenous sources to repair my-
ocardium, or can their numbers be boosted in situ?
How may they be better used to treat damaged,
diseased, and senescent hearts? Could dedifferenti-
ation of autologous, somatic, easily accessible cells
be possible and could it be investigated for addi-
tional sources of functional multipotent, yet autol-
ogous cells? Some or many of these questions will
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be answered in the near future, thereby paving new
ways and insights regarding the therapeutic use of
autologous human BM- derived cells for regenera-
tion and repair of diseased myocardium. Until then,
let us celebrate the breakthroughs and continue to
refine our approaches for stem cell therapy.
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Endothelial progenitor cells
and the infarcted heart

Stefanie Dimmeler, PhD, Masamichi Koyanagi, MD, Carmen
Urbich, PhD, & Andreas M. Zeiher, MD

Introduction

Despite the development of novel therapeutic
strategies, electrophysiological and surgical treat-
ment regimens, heart failure remains one of the
major causes of mortality in the Western world.
Heart failure can develop as a consequence of my-
ocardial infarction despite coronary revasculariza-
tion procedures. Ischemia-induced death of car-
diomyocytes results in scar formation and reduced
contractility of the ventricle. Various experimen-
tal studies provide evidence that the infusion or
injection of stem/progenitor cells after myocardial
infarction reduces scar formation and fibrosis and
preserves cardiac function. Moreover, different sub-
sets of progenitor cells have been shown to augment
myocardial blood flow. Both effects may be related
to a direct physical effect (differentiation of progen-
itor cells to endothelial cells, smooth muscle cells,
and cardiomyocytes) and/or the release of paracrine
factors by progenitor cells, which prevent apoptosis
of cardiomyocytes or modulate scar development
(Figure 13.1). This chapter will focus on the role of
endothelial progenitor cells (EPCs) in cardiovascu-
lar repair.

Characterization of EPCs

The existence of circulating cells, which can dif-
ferentiate to the endothelial lineage in vitro and
in vivo, was first described by Asahara et al. in
1997 [1]. This study demonstrated that purified
CD34+ hematopoietic progenitor cells from adults

can differentiate ex vivo to an endothelial phenotype
(i.e., EPCs). A similar finding was reported in
1998 [2]. Again, a subset of CD34+ hematopoi-
etic stem cells was shown to differentiate to the en-
dothelial lineage and to express endothelial marker
proteins such as vWF and incorporated Di-LDL
(Dil-acetylated LDL). Moreover, bone marrow cell
(BMC)-transplanted genetically tagged cells were
covering implanted Dacron grafts [2]. On the ba-
sis of these pioneering studies and the assumption
that these cells may represent the circulating heman-
gioblasts in the adult, EPC were characterized by
the coexpression of hematopoietic stem cell mark-
ers such as CD34 or CD133 and endothelial marker
proteins like the vascular endothelial growth factors
receptor-2 (VEGFR2/KDR). Although this concept
is still accepted by the scientific community, in-
creasing evidence suggests that related cell types
may also play a role in vascular repair. A subset of
myeloid cells also has the capacity to acquire an en-
dothelial phenotype. CD14+/CD34− myeloid cells
[3] or purified CD14+ mononuclear cells can co-
express endothelial markers, form tube-like struc-
tures ex vivo, and incorporate in newly formed
blood vessels in vivo [4]. Two recent studies iden-
tified two subpopulations within the CD14+ cells,
which are characterized by a low CD34 expression
[5] or the coexpression of KDR [6], with a high plas-
ticity and endothelial repair capacity. These data
would suggest that there are at least two subpop-
ulations of cells in the peripheral blood, which
have the capacity to differentiate into endothelial
cells: myeloid subpopulations and cells expressing
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Angiogenesis/arteriogenesis
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Figure 13.1 Function of progenitor cell populations. The
upper panel summarizes the progenitor cell populations
which differentiate to lineages of the endothelial cells,

smooth muscle cells, and/or cardiomyocytes. The lower
panel summarizes the progenitor cell populations which
exert a paracrine effect.

hematopoietic stem cell markers likely resembling
the “hemangioblast.” It is possible that these two
subpopulations reflect the different cells appear-
ing in culture assays, the “early EPC” and the “late
outgrowing EPC,” respectively [7]. It is being dis-
cussed at present whether the myeloid cells or early
EPCs are indeed “progenitor cells” or whether these
cells are functionally active proangiogenic and re-
pair cells without a real “progenitor” characteristic.
Interestingly, lineage tracking showed that myeloid
cells are the hematopoietic stem-cell-derived in-
termediates, which contribute to muscle regener-
ation. A subset of human peripheral blood mono-
cytes additionally was proposed to act as pluripotent
stem cells, indicating that at least a subpopulation
within these cells may indeed exert a progenitor cell
function.

Notably, several studies demonstrated that other
cell populations beside hematopoietic stem cells
and myeloid cells can give rise to endothelial cells.
Adult BM-derived stem/progenitor cells (e.g., the
“side population” cells), mesenchymal stem cells,

and multipotent adult progenitor cells, which are
distinct from hematopoietic stem cells, have also
been shown to differentiate to the endothelial lin-
eage [8, 9]. In addition, non-BM-derived cells, such
as tissue-resident cardiac stem cells, are capable
of differentiating to the endothelial lineage [10].
These data would suggest that the adult organism
is equipped with a set of different cells respon-
sible for endothelial and vascular repair. Future
studies will have to elucidate the physiologically
most important EPC population and, in addition,
the cells best suited for cell therapy of ischemic
diseases.

Functional capacity of EPCs

Experimental studies
Improving neovascularization after critical is-
chemia is a major therapeutic goal in cardiovas-
cular medicine. On the basis of the discovery of
circulating and BM-derived EPCs, multiple studies
have tested the capacity of different cell populations
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to augment neovascularization, and thereby in-
crease the blood supply to ischemic tissue. In an-
imal models of hind limb ischemia or myocardial
infarction, the injection of various subsets of cells
significantly improved blood flow and cardiac func-
tion and reduced left ventricular scarring (for re-
view, see [11]). The progenitor cells used include
isolated human CD34+ or CD133+ cells, G-CSF
mobilized CD117+/CD34+ cells [12], and ex vivo
cultivated peripheral blood-derived EPCs [13]. It
is noteworthy that mature endothelial cells did not
exert a beneficial effect in various studies [12, 14].
Moreover, the infusion of total CD14+ did not aug-
ment neovascularization without enrichment of the
EPC subpopulations within this cell population [4].

Clinical trials
The results of initial pilot trials in humans indi-
cate that BM-derived or circulating blood-derived
progenitor cells are useful for therapeutically im-
proving blood supply to ischemic tissue. As sum-
marized in Tables 13.1 and 13.2, the published stud-
ies demonstrate that the infusion of autologous
BMC is both safe and feasible in patients with my-
ocardial infarction [15–24]. The studies by Strauer
et al. [15], TOPCARE-AMI [16], BOOST [17], and
Fernandez-Aviles et al. [18] documented an im-
provement in left ventricular ejection fraction. A
recent randomized, controlled trial by Janssens et al.
[19] did not reveal a significant effect on global ejec-
tion fraction; however, it showed an increase in re-
gional ejection fraction and a reduction of infarct
size in the BMC-treated group. Only one study, the
ASTAMI trial, did not show any benefit [20]. The
beneficial effects seen in most of the pilot studies
were confirmed by findings from the recent mul-
ticenter REPAIR-AMI trial [21]. The study results
demonstrated a significant improvement of global
and regional ejection fraction in the BMC-treated
group. Notably, all of the cited studies used the
total population of BM mononuclear cells, which
contain roughly 2–3% CD34+ cells and 1% EPCs.
Given that the BMCs also contain side population
cells, mesenchymal cells, and potential other not yet
identified cell populations, the specific contribution
of EPCs is unclear. However, a few studies did use
ex vivo expanded circulating blood-derived EPCs.
In one group of the TOPCARE-AMI trial, ex vivo

cultivated EPCs were infused in patients with my-
ocardial infarction. This study demonstrated a
similar effect of EPC compared to BMC [16]. More-
over, Erbs et al. showed that granulocyte colony-
stimulating factor-mobilized ex vivo cultivated
EPCs improved the ejection fraction in patients with
chronic ischemic heart disease [25], suggesting that
EPCs, which can be easily isolated from the periph-
eral blood without BM aspiration, might be used
as an alternative for BMCs. However, in contrast to
the study in acute myocardial infarction patients,
ex vivo cultivated EPCs—isolated from nonmobi-
lized patients with chronic ischemic postinfarction
heart failure—were significantly less effective com-
pared to BMCs in a recently published study [26].
This might be explained by the lower number of
EPC (22 Mio compared to 205 Mio BMC) or a dif-
ferent functionality (e.g., differentiation capacity,
homing) of EPC in chronic versus acute patients.

Overall, the available clinical data indicate that
cell therapy with EPCs or BMCs is both safe and
feasible and is associated with improved heart func-
tion. A recent study questioned whether the im-
provement seen during 6 months is maintained over
time [27]. However, careful evaluation of the 18
months follow-up data of the BOOST trial indicates
that the ejection fraction of the cell therapy group
is maintained from 6 to 18 months follow-up. The
lack of a statistically significant difference between
the groups at 18 months is caused by a catch-up of
the control group. Given the small number of pa-
tients (30 per group), it is not surprising to see no
statistical difference between the two groups. The
long-term 2 year follow-up data of the TOPCARE-
AMI trial clearly demonstrate that the ejection frac-
tion is maintained and even further augmented in
BMC- or EPC-treated patients (S. Dimmeler and
A.M. Zeiher, unpublished data).

Mechanism of action

EPCs are incorporated to a significant extent into
the capillaries after ischemia, and thereby physically
contribute to the formation of new capillaries in
the ischemic tissue. However, the varying numbers
of incorporated cells with an endothelial pheno-
type may not entirely explain the strong therapeu-
tic effect observed after cell therapy in experimental
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models. Thus, the efficiency of EPC-induced neo-
vascularization may not solely be due to the incor-
poration of EPCs into newly formed vessels, but
may also be influenced by the release of proangio-
genic factors in a paracrine manner. In line with
this hypothesis, the deletion of Tie-2-+ BM-derived
cells through activation of a suicide gene blocked
tumor angiogenesis, even though in this study cells
were not found to be integrated into tumor vessels
but rather were located adjacent to the vessel wall
[28]. Moreover, recent studies suggest that mono-
cytic cells as well as mesenchymal stem cells aug-
ment arteriogenesis via the release of angiogenic
growth factors [29].

In addition, circulating blood-derived EPCs were
shown to acquire a cardiomyogenic phenotype. In
a coculture system, coincubation of human EPCs
with neonatal cardiomyocytes triggered the expres-
sion of cardiac genes in the human cells as assessed
by RT-PCR, immunostaining, and FACS analy-
sis [30–32]. In this coculture assay, gap-junctional
communication between neonatal cardiomyocytes
and differentiating stem/progenitor cells was de-
tected [30]. Functional activity of the differentiated
circulating progenitor cells was further documented
by showing oscillating calcium transients after pac-
ing [30]. The in vitro differentiation of EPCs toward
the cardiac lineage was additionally confirmed in
vivo after injection of ex vivo expanded circulating
blood-derived EPCs [33] or isolated CD34+ cells,
which are enriched for EPCs [34], in an experimen-
tal myocardial infarction model. In contrast, a re-
cent study was unable to detect differentiation of
ex vivo expanded EPCs in a coculture model [35].
The reason for this discrepancy may be explained
by the low percentage of cardiomyocytes in the co-
culture system used by the authors. As shown in
Figure 13.2C, differentiation of EPC was detected
when the number of cardiomyocytes exceeds more
than 50% at the end of the coculture experiments.

Cell fusion has been raised as an alternative mech-
anism underlying the acquirement of a cardiac phe-
notype by progenitor cells. To assess the incidence
of cell fusion, we incubated DiLDL-labeled EPCs
with GFP (green fluorescence protein)-transfected
cardiomyocytes. Indeed, already after 2 days of co-
culture, about 2% double-positive cells were de-
tectable. However, careful analysis of nuclear fusion
excluded a significant contribution of the classical

fusion events [32, 33]. Further experiments indi-
cate that the transfer of proteins between EPCs and
cardiomyocytes was predominantly due to the for-
mation of nanotubular structures between cells, al-
lowing the transport of proteins and even larger
organelles such as mitochondria [36]. Also, a re-
cent study reported that the transport of mitochon-
dria from mesenchymal stem cells to mitochondria-
deficient cells rescued aerobic respiration [37].
Although the in vivo relevance of these in vitro ex-
perimental findings so far is unclear, the transport
of proteins or organelles may affect the cell fate and
function of progenitor cells as well as the connected
cardiomyocytes.

Potential limitations of
EPC-mediated repair

One potential limitation for the use of autologous
EPCs is the documented impairment of both EPC
number and function in patients with coronary
artery disease and heart failure. The number of cir-
culating EPCs and the functional capacity indicated
by the migration toward chemokines is significantly
down-regulated in patients with coronary artery
disease [38]. Likewise, the number of cultured EPCs
out of peripheral blood mononuclear cells from pa-
tients with diabetes was significantly reduced [39].
Severe heart failure patients also showed a marked
reduction of EPC number and function [40].

A second limitation might be the efficiency of
incorporation and regeneration capacity of EPCs
in clinical trials. Given the rather small number of
infused cells (20–200 Mio) and the fact that maxi-
mally 10% of the cells accumulate in the heart (S.
Dimmeler and A.M. Zeiher, unpublished data), it is
unclear how the millions of cardiomyocytes, which
are lost during a severe infarct, can be replaced or
compensated. The infused cells of course may exert
paracrine effects as discussed above. However, fut-
ure strategies in myocardial regeneration will need
to augment cell homing and improve the regen-
eration of the myocardium in its pure sense by
generation of new cardiomyocytes. Whether this
approach to regeneration will require the use of
other cell sources or novel strategies to force hom-
ing and differentiation by cell pretreatment (e.g.,
with growth factors or small molecules) needs to be
assessed.
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14 CHAPTER 14

Cytokines and heart remodeling

Hiroyuki Takano, MD, PhD, & Issei Komuro, MD, PhD

Introduction

Since the clinical outcome after an acute my-
ocardial infarction (AMI) depends on the extent
of damaged myocardium, myocardial salvage by
reperfusion therapies such as thrombolysis and
percutaneous transluminal coronary intervention
(PCI) has become very important in the treat-
ment of patients with AMI. Although the use of
these approaches has reduced mortality from AMI,
these therapies have also led to a dramatic in-
crease in the number of surviving patients suf-
fering from heart failure [1, 2]. Recently, medi-
cal interest in myocardial regeneration has grown
and research on gene- and cell-based therapies has
progressed. The use of bone marrow stem cells
(BMSCs) has been evaluated as a potential tool in
regenerative medicine. Several hematopoietic cy-
tokines, including interleukin (IL)-3, granulocyte–
macrophage colony-stimulating factor, granulocyte
colony-stimulating factor (G-CSF), macrophage
colony-stimulating factor, stem cell factor (SCF),
and erythropoietin, have been known to regu-
late the growth and differentiation of hematopoi-
etic progenitor cells. Additionally, these cytokines
have been shown to mobilize BMSCs [3]. It has
been recently demonstrated that BMSCs differenti-
ate into cardiomyocytes, endothelial cells, and vas-
cular smooth muscle cells in the mouse model of
AMI [4]. In addition, cytokine-mediated recruit-
ment of BMSCs has been reported to improve car-
diac dysfunction and reduce mortality after AMI
in mice [5]. In this chapter, we discuss how G-CSF
can prevent left ventricular (LV) remodeling and
dysfunction after AMI in various animal models
[6–11].

Myocardial infarction and cardiac
remodeling

Therapeutic advances have improved the survival
of patients with AMI. However, the improved sur-
vival of patients with myocardial infarction (MI) has
led to an increase in the number of patients suffer-
ing from heart failure [1, 2]. Congestive heart fail-
ure (CHF), which is mostly caused by MI, remains
one of the major causes of mortality in the Western
world. Despite the development of pharmacological
and mechanical revascularization techniques, heart
failure proceeds as a consequence of MI. Therefore,
more effective treatment options for patients with
AMI need to be developed.

The term LV remodeling was previously de-
scribed as a physiologic and pathologic condition
that occurs after AMI (see also Chap. 21). The pro-
cess of LV remodeling begins with cardiomyocyte
loss due to necrosis or apoptosis and continues
with cardiomyocyte lengthening, LV wall thinning,
infarct expansion, LV dilation, cardiomyocyte hy-
pertrophy, and collagen accumulation [2]. Com-
plex architectural alterations are induced in both
infarcted and noninfarcted myocardium after AMI.
Dilatation of the LV and infarcted wall thinning are
the prominent features in the infarcted region. In
addition, LV remodeling with compensatory dila-
tion and hypertrophy is induced in the noninfarcted
region. Cardiac remodeling is also recognized as
a process occurring in other cardiovascular dis-
eases such as systemic hypertension, valvular heart
disease, myocarditis, and dilated cardiomyopathy
[12]. The process of cardiac remodeling is influ-
enced by hemodynamic load, neurohumoral acti-
vation, and other factors [12]. Although cardiac
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remodeling is initially an adaptive response to main-
tain normal function, it gradually becomes mal-
adaptive and subsequently leads to progressive de-
compensation and CHF. The degree of post-MI re-
modeling roughly depends on infarct size. A large
infarction induces greater dilation of the LV and
more of an increase in wall stress of the LV than
a small infarction. Although cardiomyocytes play
critical roles in the remodeling process, cardiac fi-
broblasts, the coronary vasculature, and the extra-
cellular matrix (ECM) are also involved in the pro-
cess [1, 2, 12].

Many mediators, such as neurohumoral factors,
cytokines, growth factors, and enzymes, are known
to be involved in the progress of cardiac remodel-
ing. There is accumulating evidence to suggest that
neurohumoral factors such as angiotensin II (Ang
II), aldosterone, endothelin-1, and norepinephrine
play pivotal roles in the development of LV remod-
eling [1, 2, 12]. In particular, activation of the local
renin–angiotensin system in myocardium has been
found to be important. Many components of the
renin–angiotensin system, including angiotensino-
gen, angiotensin-converting enzyme, and the Ang
II type 1 receptor, are up-regulated in the heart
after MI. Ang II induces hypertrophy of car-
diomyocytes and increases proliferation of cardiac
fibroblasts and collagen synthesis. Endothelin-1 is
involved in the remodeling process that includes
cardiac hypertrophy and collagen synthesis. Cyto-
kines such as tumor necrosis factor-α and IL-6 also
play important roles in cardiac remodeling. Cy-
tokines are secreted in response to a variety of stim-
uli. Growth factors such as transforming growth
factor (TGF)-β, fibroblast growth factor, and
platelet-derived growth factor are shown to be asso-
ciated with remodeling. TGF-β1 plays an important
role in the regulation of ECM production and fi-
brosis. Enzymes such as matrix metalloproteinases
(MMPs) and tissue inhibitors of metalloproteinases
have been recently shown to be involved in the
remodeling process [1, 2, 12]. The degradation of
ECM within the myocardium plays an important
role in the progression of cardiac remodeling and
heart failure after MI [13]. MMPs are a family
of proteolytic enzymes for ECM degradation and
are involved in tissue remodeling processes that
include morphogenesis and wound healing
(Figure 14.1).

Cardiomyocyte death, which is induced by necro-
sis or apoptosis, is an important cause of cardiac
remodeling. Apoptosis, known as programmed cell
death, is a fundamental physiologic and pathologic
mechanism of cell death during life. Myocardial
apoptosis peaks at 4–12 hours after AMI and is per-
sistently detected up to 10 days in rats [14]. In the
acute phase of MI, apoptosis as well as necrosis have
been reported to represent the major form of car-
diomyocyte death. Persistent apoptosis still occurs
in the infarcted region even during the subacute
phase (up to 60 days) in the human heart [14].
Moreover, a strong correlation between the apop-
totic rate and the degree of LV remodeling was rec-
ognized in the phase, and this LV remodeling results
in CHF.

Therefore, preventing the remodeling process
would be an important therapeutic approach for
heart failure after AMI. Therapeutic agents such as
angiotensin-converting enzyme inhibitors and β-
blockers are used to reduce cardiac remodeling and
to decrease morbidity and mortality in patients with
heart failure. Although cardiomyocytes are believed
to be terminally differentiated cells without the abil-
ity to regenerate, it was recently demonstrated that
cardiomyocytes proliferate after an MI in humans
[15]. Therefore, there is the possibility that enhance-
ment of the regeneration of cardiomyocytes, as well
as stimulation of neovascularization, may prevent
cardiac remodeling and the progression of heart
failure. Since a reduction in the number of car-
diomyocytes with pathologic conditions causes LV
dilatation and hypertrophy of the remaining car-
diomyocytes, myocardial regeneration appears to
be a promising strategy to reduce adverse cardiac
remodeling.

Cardioprotective effects of G-CSF
on AMI

Orlic et al. examined whether cytokines could
increase BMSC mobilization to the injured my-
ocardium to promote myocardial regeneration [5].
In their study, mice were injected with rat SCF
and recombinant human G-CSF once a day for
5 days before ligation of the left coronary artery
was performed. SCF and G-CSF were given for 3
more days. Cytokine-mediated mobilization of BM-
SCs was found to result in myocardial regeneration
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Antiremodeling therapy
Endogenous factor
  Ang II
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  norepinephrine
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  IL-1β, IL-6
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  inflammation
  oxidative stress
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Medication
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Figure 14.1 Cardiac remodeling.
ACE = angiotensin-converting enzyme;
Ang II = angiotensin II; ECM =
extracellular matrix; ET-1 = endothelin-1;
IL = interleukin; LV = left ventricle;
MMPs = matrix metalloproteinases;
TGF-β = transforming growth factor-β;
TIMPs = tissue inhibitors of
metalloproteinases; TNF-α = tumor
necrosis factor-α.

characterized by dividing cardiomyocytes and for-
mation of vascular structures 27 days after the AMI
[5]. This preinfarction approach was found to sig-
nificantly reduce mortality and improve cardiac
function, such as ejection fraction, LV diameter,
and LV pressure. However, the cytokine treatment
was started before the MI, and a clinically rele-
vant protocol involving post-MI administration of
G-CSF alone was not examined in this study. There-
fore, we examined whether or not a single treat-
ment with G-CSF started after AMI could have
beneficial effects [6]. In this study, mice under-
went ligation of the left coronary artery and then
were divided into four groups: (1) administration
of vehicle (control group), (2) administration of
G-CSF (100 µg/kg/day) and SCF (200 µg/kg/day)
from 5 days before MI through 3 days after (pre-

GS group), (3) administration of G-CSF (100 µg/
kg/day) and SCF (200 µg/kg/day) for 5 days af-
ter MI (post-GS group), and (4) administration of
G-CSF (100 µg/kg/day) alone for 5 days after MI
(post-G group). In the post-GS and post-G groups,
G-CSF or SCF was injected subcutaneously, 2 hours
after MI. All three treatment groups with G-CSF
showed less LV remodeling and improved cardiac
function and survival rate after MI [6]. The number
of apoptotic cells was decreased in the border area
of all the treatment groups with G-CSF. We next
used mice that had undergone replacement with
BM cells with enhanced green fluorescent protein
(GFP)-expression to elucidate the role of BM cells
in the improvement of cardiac function. Many GFP-
positive cells were recognized in the border area
of all three treatment groups, but not the control
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group. Most of the GFP-positive cells were infil-
trated blood cells and some GFP-positive cells were
observed at capillary walls [6]. There were few GFP-
positive cardiomyocytes in the border area, as well
as in the infarcted and remote areas. Therefore, we
next compared the number of vessels in the border
area. The number of capillaries in the border area
after MI was much greater in all three treatment
groups than in the control group. It was therefore
concluded that if cytokine treatment is started after
MI, it could reduce LV remodeling and dysfunction,
at least in part, through an increase in neovascular-
ization and a decrease in apoptosis in the border
area.

We subsequently examined in a preclinical study
whether or not G-CSF treatment is effective in pre-
venting cardiac remodeling after MI in large animals
[9]. An MI was produced by ligation of the left an-
terior descending coronary artery in swine. G-CSF
(10 µg/kg/day) was injected subcutaneously, start-
ing 24 hours after the ligation for 7 days. Subsequent
echocardiographic examination at 4 weeks after the
MI revealed that G-CSF treatment improved car-
diac function and reduced LV remodeling [9]. In
the ischemic region, the number of apoptotic en-
dothelial cells was less and the number of vessels
increased in the G-CSF treatment group compared
to the control group. In addition, vascular endothe-
lial growth factor was expressed more abundantly
and Akt was activated to a greater extent in the is-
chemic region of the G-CSF treatment group than
in the control group. Akt has been reported to play
an important role in cell survival and angiogenesis,
and seems to play an important role in the cardio-
protective effects of G-CSF. These findings suggest
that G-CSF reduces the extent of cardiac dysfunc-
tion and remodeling after MI in large animals. It is
noteworthy that as early as 1 week after MI, there
was a difference in LV function between the G-CSF
treatment group and the control group. The finding
was not explained simply by G-CSF-induced mobi-
lization of BMSCs into the injured myocardium.
So we speculated that G-CSF could beacting di-
rectly on the myocardium in the infarcted heart.
As mentioned above, it has been reported that the
G-CSF receptor (G-CSFR) is expressed on various
blood cells, but whether G-CSFR is expressed on
cardiomyocytes has yet to be determined. We de-
tected the expression of G-CSFR mRNA in both

the adult mouse heart and the cultured neonatal
mouse cardiomyocyte by the reverse transcription–
polymerase chain reaction [10]. Furthermore, we
recognized the expression of G-CSFR protein in
neonatal rat cardiomyocytes by immunocytochem-
ical analysis. We next examined whether G-CSF
could induce the activation of intracellular signaling
molecules in cardiomyocytes. G-CSF (100 ng/mL)
significantly activated Jak2, STAT1, and STAT3 in
a dose-dependent manner [10]. These results sug-
gest that G-CSFR is expressed on cardiomyocyte
and that G-CSF induces the activation of signaling
molecules through G-CSFR.

Other groups also examined the effects of G-CSF
on the myocardium of MI hearts in animal mod-
els. Minatoguchi et al. demonstrated that G-CSF
prevented cardiac remodeling and ventricular dys-
function at 3 months in an ischemia-reperfusion
rabbit model [7]. G-CSF increased the number of
macrophages in the infarcted area at 2 days after
MI and the expression levels of MMP-1 and MMP-
9 in the ischemic region at 7 days after MI. They
concluded that G-CSF had beneficial effects on MI
hearts through acceleration of the healing process
and by myocardial regeneration. Sugano et al. re-
ported that G-CSF attenuated early ventricular ex-
pansion after AMI in rats [11]. The expression lev-
els of TGF-β and procollagen type I and type III
mRNA in the infarcted area at 3 days were higher in
the G-CSF group than in the control group. Accu-
mulation of collagen in the infarcted area at 7 days
was more prominent in the G-CSF group than in
the control group. Kawada et al. demonstrated in
mice with MIs that G-CSF mobilized mesenchymal
stem cells from the bone marrow into the infarcted
area, where they subsequently differentiated into
cardiomyocytes [8]. Sesti et al. investigated whether
G-CSF and SCF could promote myocardial regen-
eration and improve LV function after coronary
artery occlusion in rats [16]. An improvement in
LV function at 8 weeks after infarction compared to
controls was observed. However, the investigators
found no evidence of new muscle cells in the infarct
area. They concluded that G-CSF may have a direct
stimulatory effect on the LV without influencing
scar formation. In contrast to these reports, other
experimental studies did not recognize the benefi-
cial effects of G-CSF in an AMI model [17, 18]. The
reason for this discrepancy is not yet understood.
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Recently, the results of the REVIVAL-2 study were
reported [19], where the effects of G-CSF were
compared to placebo in 114 patients diagnosed
with ST-segment elevation MI, who had success-
ful reperfusion by PCI within 12 hours after on-
set of symptoms. In the study, patients were ran-
domly assigned to receive placebo or 10 µg/kg of
G-CSF subcutaneously for 5 days. Six months af-
ter the intervention, the investigators found that G-
CSF treatment had no influence on infarct size or LV
function. However, the treatment with G-CSF was
started from 5 days after AMI. We reported that the
benefecial effects of G-CSF were reduced when the
treatment was delayed to day 3 after AMI in micc
model [10]. The timing of the treatment with G-CSF
should be critical to obtain the beneficial effects. In
the future, these results need to be confirmed in
larger studies and the effects of G-CSF in larger and
smaller infarcts need to be examined, since only pa-
tients with extensive injury may respond.

STAT3 as a key molecule in
G-CSF-induced cardioprotective
effects

As apoptotic cell death is increased immediately
after AMI, we examined the effect of G-CSF on hy-
drogen peroxide (H2O2)-induced apoptosis of car-
diomyocytes. Rat neonatal cardiomyocytes were ex-
posed to H2O2 and apoptotic cell death was detected
by annexin V staining. Pretreatment with G-CSF
significantly decreased the rate of H2O2-induced
apoptosis of cardiomyocytes [10]. Although expres-
sion levels of antiapoptotic proteins such as Bcl-
2 and Bcl-xL, which are target molecules of the
Jak-STAT pathway, were decreased after stimulation
with H2O2, this reduction was inhibited by pretreat-
ment with G-CSF. AG490, an inhibitor of Jak2, abol-
ished the up-regulation of Bcl-2 expression level
by G-CSF. Adenovirus transfection of dominant-
negative STAT3 (dnSTAT3) to cardiomyocytes in-
hibited the protective effect of G-CSF [10]. These
results suggest that G-CSF may inhibit apoptosis of
cardiomyocytes through the Jak2-STAT3 pathway.

STAT3 is a member of the STAT family of trans-
cription factors and is activated by numerous
growth factors and cytokines including IL-6, leu-
kemia inhibitory factor (LIF), and cardiotrophin-
1 through the shared receptor glycoprotein 130.

Upon receptor activation, STAT3 is phosphory-
lated and activated by Jak1 or Jak2. Several studies
demonstrated that STAT3 protects the heart against
pathophysiologic stress such as ischemia, mechan-
ical stress, and cytotoxic agents. Therefore, we next
studied transgenic mice with cardiac-specific over-
expression of dnSTAT3 (dnSTAT3-TG) to see
whether STAT3 is involved in the cardioprotective
effects of G-CSF in vivo. Although there were no
significant differences in LV function and size be-
tween wild-type (WT) mice and dnSTAT3-TG mice
at baseline, the cardioprotective effects of G-CSF
on post-MI hearts were abolished in dnSTAT3-TG
mice [10]. Expression levels of Bcl-2 and Bcl-xL in
MI hearts of the WT, but not of the dnSTAT3-TG
mice were increased by G-CSF treatment. Although
G-CSF similarly increased the number of stem cells
(double-positive cells for c-kit and Sca-1) in periph-
eral blood in WT and dnSTAT3-TG mice, G-CSF did
not increase cardiac homing of bone marrow cells 2
weeks after MI in both groups. G-CSF did not affect
the number of cardiac stem cells, which exist in the
Sca-1-positive populations of adult myocardium, in
post-MI hearts of both the WT and the dnSTAT3-
TG mice. These results suggest that the beneficial ef-
fects of G-CSF on post-MI hearts may be attributed
to a direct action on the myocardium rather than
mobilization and differentiation of stem cells.

Various studies have shown the involvement
of STAT3 in cardiovascular diseases. It has been
demonstrated that the expression level of STAT3
in the myocardium is significantly decreased in pa-
tients with end-stage dilated cardiomyopathy [20].
Transgenic mice with cardiac-specific overexpres-
sion of constitutively active STAT3 (caSTAT3-TG)
presented an increase in capillary density accom-
panied by an enhanced expression of vascular en-
dothelial growth factor in the heart [21]. Infarct
size in the hearts of caSTAT3-TG mice was sig-
nificantly reduced compared with WT mice after
ischemia-reperfusion injury [22]. Reactive oxygen
species (ROS) generated in the reperfused my-
ocardium led to cell damage and heart failure. The
level of ROS production was less in the hearts of
caSTAT3-TG mice than WT mice, and ROS scav-
engers, metallothionein1 and metallothionenin2,
were up-regulated in the hearts of caSTAT3-TG
mice [22]. These results raise the possibility that
G-CSF may increase coronary blood flow and
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ameliorate heart failure through up-regulation of
STAT3, even in a nonischemic cardiomyopathy such
as idiopathic dilated cardiomyopathy.

It is well known that long-term therapy with dox-
orubicin, an antitumor drug, induces irreversible
cardiomyopathy [23]. Doxorubicin-induced car-
diomyopathy is histopathologically associated with
a loss of myofibrils, distension of the sarcoplas-
mic reticulum, and vacuolization of cytoplasm. Al-
though redox, ROS, and mitochondrial dysfunction
are proposed as the pathogenesis of doxorubicin-
induced cardiac toxicity, the precise mechanism has
not been fully elucidated. It was previously reported
that treatment with doxorubicin reduced the STAT3
mRNA level of myocardium in mice and led to an in-
crease in mortality due to CHF [24]. Overexpression
of STAT3 in cardiomyocytes caused not only cardiac
hypertrophy but also protection from doxorubicin-
induced cardiac toxicity [24]. These results suggest
that G-CSF may protect the heart from doxorubicin
cardiotoxicity through up-regulation of STAT3 in
cardiomyocytes. We have recently reported that in-
tramuscular injection of LIF plasmid DNA induces
regeneration of the myocardium and prevents car-
diac dysfunction after AMI in mice [25]. As LIF is
also known to activate STAT3 through glycopro-
tein 130, our results reinforce the hypothesis that
STAT3 may be important in providing cardiopro-
tection from pathophysiologic stress.

Postconditioning-like effects
of G-CSF

We have recently examined whether G-CSF ad-
ministered at the onset of reperfusion has acute
postconditioning-like effects on the extent of my-
ocardial ischemia-reperfusion injury [26]. G-CSF
phosphorylated and activated ERK, Jak2, STAT3,
Akt, and eNOS and significantly reduced the infarct
size. Since a Jak2 inhibitor AG490 inhibited G-CSF-
induced phosphorylation of Jak2, STAT3, Akt, and
eNOS, but not ERK, and a PI3K inhibitor LY294002
suppressed G-CSF-induced phosphorylation of Akt
and eNOS, but not Jak2, STAT3, and ERK, the sig-
nals are activated by the order Jak2 > PI3K > Akt >

eNOS, and the signaling pathways of ERK may be
different. G-CSF increased nitric oxide production
in reperfused hearts and its effect was inhibited by
L-NAME. Furthermore, the reduction of infarct size
afforded by G-CSF administration was completely

abolished in the presence of AG490, LY294002, and
L-NAME, but not by PD98059 [26]. These results
suggest that G-CSF acts directly on the myocardium
during ischemia-reperfusion injury and has cardio-
protective effects even if G-CSF administration is
started after reperfusion and that G-CSF-induced
activation of Akt-eNOS and production of nitric
oxide are important for its acute cardioprotective
effects.

Transcriptional regulation by the phosphoryla-
tion of Jak2-STAT3 pathway is one of the key mecha-
nisms in G-CSF-mediated cardioprotection against
MI in the chronic stage, whereas the Akt-eNOS
pathway may be very important in the acute stage.
eNOS has been reported to be phosphorylated by
Akt, and activated eNOS-producing nitric oxide
has been reported to play a pivotal role in the car-
dioprotection of preconditioning by preserving is-
chemic blood flow and attenuating platelet aggre-
gation and the neutrophil–endothelium interaction
following ischemia-reperfusion [27]. Nitric oxide
is known to be the trigger for ischemic precondi-
tioning, especially during the late phase, and acti-
vates downstream pathways including protein ki-
nase G, mitochondrial KATP channels, free rad-
icals, and protein kinase C. However, it remains
unknown whether nitric oxide acts as the trig-
ger for postconditioning as well as precondition-
ing. It has been recently reported that postcon-
ditioning inhibits the opening of the mitochon-
drial permeability transition pore (mPTP), which
is involved in ischemia-reperfusion injury [28],
and that nitric oxide inhibits mPTP opening [27].
Since glycogen synthase kinase-3β (GSK3β), an-
other downstream molecule of Akt, has been re-
ported to induce opening mPTP [29], GSK 3β

may also be involved in the G-CSF-induced inhi-
bition of ischemia-reperfusion injury. Additional
studies are needed to clarify the downstream actions
of nitric oxide in the postconditioning-like effects
of G-CSF against ischemia-reperfusion injury. The
present study suggests that G-CSF can be used as a
novel and valuable postconditioning agent.

Effects of G-CSF on ischemic
cardiomyopathy

Ischemic cardiomyopathy is the leading cause of
CHF in many countries [30]. In the hibernat-
ing myocardium, contractile function of the LV
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is depressed because of reduced myocardial perfu-
sion [31]. The viable but dysfunctional myocardium
could be reversed by restoration of myocardial
blood flow [32]. Currently, pharmacological ther-
apy that reduces myocardial oxygen demand is
used to treat chronic myocardial ischemia, if in-
terventional therapies such as coronary artery by-
pass grafting and PCI are not feasible. Although
interventional therapies these are performed to in-
crease blood supply to the ischemic region, many
patients with ischemic cardiomyopathy cannot be
treated with these procedures because of severe and
diffuse coronary atherosclerosis. Therefore, novel
strategies to treat such patients are eagerly sought
after. We examined whether G-CSF treatment has
effects on the chronic hibernating myocardium
in swine [33]. G-CSF was found to improve the
cardiac function of chronic myocardial ischemia
through a decrease in fibrosis and apoptotic death
and by an increase in vascular density in the is-
chemic region [33]. In ischemic myocardium, the
activity of Akt decreased, but this activity was in-
creased by the treatment with G-CSF. We have
not examined whether G-CSF-induced mobiliza-
tion of these cells plays an important role in the
beneficial effects on chronic myocardial ischemia,

but there is a possibility that both direct effects
on the myocardium and indirect effects such as
mobilization and homing of stem cells may be
involved.

G-CSF could prevent the progression of LV re-
modeling in hibernating myocardium as well as in
the infarcted myocardium. There are many patients
with global ischemic cardiomyopathy in whom the
culprit lesions of coronary arteries are not eligible
for PCI in the clinical setting. G-CSF may become
a promising therapy for those patients.

Conclusion and future prospects

Many experimental data suggest that treatment with
G-CSF might become a novel therapeutic strategy
for AMI. It is conceivable that the antiapoptotic and
angiogenic effects of G-CSF are effective for reduc-
ing adverse LV remodeling following an AMI (Fig-
ure 14.2). However, Kang et al. reported that G-CSF
treatment (10µg/kg for 4 days before PCI) increased
the rate of in-stent restenosis at the culprit lesion
in patients with AMI or old MI who underwent
elective PCI [34]. Although the size of their clinical
study was very small and the mechanism by which
G-CSF accelerated restenosis was unclear, the result

direct effects on myocardium
  apoptosis.
  (cardiomyocyte, endothelial cell)
  inflammatory cytokines
  angiogenesis

mobilization
  hematopoietic stem cell
  mesenchymal stem cell
  endothelial progenitor cell

homing and differentiation
  cardiomyocyte
  endothelial cell

reendothelialization
  in injured vessel

Infarct region

G-CSF

antiremodeling effects

Bone marrow

G-CSF receptor

Akt-eNOS pathway
(acute phase)

Jak2-STAT3 pathway
(subacute-chronic phase)

Cardiomyocyte

Figure 14.2 Hypothetical scheme demonstrating the mechanisms of antiremodeling effects by G-CSF.
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attracted much attention regarding the safe use of
G-CSF for patients with atherosclerosis. Investiga-
tors have recently examined the effects of G-CSF
on neointimal formation after vascular injury in
the animal model. G-CSF significantly prevented
an increase in neointima/media ratio and acceler-
ated the reendothelialization of denuded arteries in
mice [35], rats [36], and rabbits [37].

When we perform clinical trials in the future to
assess the feasibility and safety of novel therapies,
including cell therapy, gene therapy, and cytokine
therapy for coronary heart disease, we must strictly
determine the inclusion criteria of patients. Patients
with severe coronary lesions or unstable vital signs
are not eligible for those trials. Although recent clin-
ical trials suggest the feasibility and safety of G-CSF
treatment in AMI, its long-term safety has not yet
been established. Additionally, it has not been clar-
ified what the dose of G-CSF should be and when
the treatment should be started. Further studies are
needed to determine the most effective and safe reg-
imen of G-CSF treatment.
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IGF-1, muscle progenitors,
and heart failure

Nadia Rosenthal, PhD, Nadine Winn, PhD, & Maria Paola
Santini, PhD

Introduction

During the last decade, considerable excitement has
been generated by the experimental observations
that endogenous or supplementary progenitor cells
have the potential to restore the form and function
of damaged tissues. Nowhere is application of this
potential more welcome than in the treatment of
cardiovascular disease, where the use of stem cells
is currently being explored. The human heart must
maintain its structure and function for decades, yet
its restricted regenerative capacity is inadequate to
respond to injury, when a rapid response is required
to repair damage to the muscle wall and to maintain
adequate blood flow to the rest of the body. In ad-
dition to the muscle loss that accompanies myocar-
dial infarction and ischemia-reperfusion injury, in-
terruption of the coronary blood supply results in
further cell death and fibrotic scar formation at the
cost of functional muscle. The remaining cardiomy-
ocytes must then respond to an increased cardiac
wall stress by undergoing pathological hypertrophy,
leading to decompensated function and congestive
heart failure, an overwhelming cause of morbidity
and mortality in the industrialized world.

Although mammalian organs and tissues differ in
their regenerative capacity, a common set of prob-
lems remains to be solved for regeneration biolo-
gists. What can we learn from the mechanisms of
cardiac regeneration in the embryo or in organisms
where it occurs naturally? The heart is the first fully
differentiated structure to form and function in the
embryo, arising from specialized mesodermal pre-

cursors and growing through the rapid cell division
of already contracting cardiac myocytes. However,
this phase of abundant proliferation ends soon after
birth, when the capacity for heart muscle to reenter
the cell cycle appears to be largely lost, and increases
in myocardial mass are achieved almost exclusively
through cellular hypertrophy.

The regenerative inadequacy of the mammalian
heart stands in marked contrast to the robust pro-
liferative capacity and rapid cardiac regeneration
in other vertebrates such as the newt and zebrafish
[1, 2], underscoring the dramatic evolutionary vari-
ability of cardiac regeneration [3]. The mammalian
heart is capable of homeostasis, maintaining cell re-
newal throughout life [4, 5], but the relative rarity
of adult cardiac progenitor cells may impose severe
limits on repair. In regeneration-competent tissues,
individual cells constantly undergo structural re-
newal by replacing their molecular components and
are themselves periodically replaced with new cells;
but it is not clear to what extent this self-renewal re-
lies on the morphogenetic patterning that forms the
tissue in the embryo. Nevertheless, the hope is that
nonregenerating human tissues maintain a latent
capacity for regeneration, once the impediments
that limit this capacity in the adult are identified
and circumvented.

Cell-based cardiac therapy

The traditional paradigm of the mammalian heart
as an organ incapable of regeneration has been put
into question by the recent finding of multipotent
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cardiac stem cells in the adult heart, capable
of regenerating myocytes and coronary vessels
throughout life [6]. These studies provide a plau-
sible explanation for the inherent self-renewing ca-
pacity of the adult organ in an unchallenged state,
but major questions regarding cardiac physiology
remain to be resolved. If cardiac muscle possesses a
stem cell compartment, it is not clear why the heart
fails to regenerate under pathological conditions.
Either the resident cardiac stem cells are too rare
or intrinsically incapable of repairing major dam-
age, or perhaps the damaged myocardium presents
a prohibitive environment for their activation. It
is possible that the mere presence of endogenous
stem cells may not be sufficient to guarantee car-
diac regeneration and that the presence of appro-
priate stimuli and factors are necessary to provide
a permissive environment that permits stem-cell-
mediated cardiac repair.

Cell-based strategies for restoration of function
in heart failure have been developed to overcome
this inherent barrier to effective regeneration. How-
ever, the clinical application of these strategies has
been difficult. Aside from the ethical issues sur-
rounding the use of xenographic embryonic stem
cells, they can induce an immune response, which
may pose a serious impediment to their long-term
survival in the host myocardium. A more prac-
tical scenario relies on autologous adult progeni-
tor cells, including bone-marrow-derived, circulat-
ing, or organ-specific progenitor cells. Cells from
fat, skeletal muscle, or the heart itself [7–10] have
been shown to improve myocardial function in ex-
perimental heart failure models, prompting several
clinical trials targeting patients with chronic heart
failure, using skeletal myoblasts or bone-marrow-
derived cells [10]. Injection or implantation of au-
tologous or heterologous regeneration-competent
progenitor cells has been moderately successful at
improving left ventricular functions [11, 12], al-
though the underlying mechanisms for this benefit
remain obscure and the incidence of ventricular ar-
rhythmias after direct injection of cells into the my-
ocardium has caused considerable alarm [13, 14].
In addition, the relatively poor survival rate of in-
troduced cells suggests that the appropriate tissue
environment is critical for the productive reconsti-
tution of injured tissue. It is likely that fibrotic tissue
formation leading to cardiac functional impairment

precludes the effective repopulation of the injured
area by exogenous cells. Thus, improving the tissue
environment may broaden the scope of adult cell
types that can participate in functional restoration
of the myocardium.

IGF-1 isoforms—a complex growth
factor family

An emerging strategy to provide a better regener-
ative environment in the damaged heart involves
the use of growth factors. In particular, insulin-like
growth factor-1 (IGF-1) has long been implicated
in the control of cardiac growth in vitro and in vivo
[15]. Much research effort has been invested to eval-
uate the variety of effects that IGF-1 has on different
cells types and tissues of the body at all stages of pre-
and postnatal development. An impressive body of
knowledge has been accumulated, but surprisingly
the existence of multiple isoforms generated from
the IGF-1 gene was not taken into account in the
majority of the studies on IGF-1 function, despite
their discovery over 20 years ago.

Unlike the closely related insulin gene, the mam-
malian IGF-1 gene locus encodes multiple pre-
cursor proteins, which vary in the N-terminal
signal peptide sequence and the C-terminal E-
domain amino acid sequences (Figure 15.1). The
unprocessed precursor peptides undergo post-
translational protease cleavage to generate mature
IGF-1—a 70 amino acid single chain polypeptide
with three intrachain disulfide bridges. Mature IGF-
1 differs from insulin by retention of the C-domain,
by a short extension of the A-domain to include a
novel domain D, and by the presence of variable
C-terminal extension peptides (E peptides). IGF-1
shares 62% homology with proinsulin and 48%
homology with insulin [16]. Among mammalian
species the primary structure of IGF-1 is highly con-
served: canine [17], bovine [18], ovine [19], porcine
[20], and human [16] IGF-1s are identical, whereas
rat [21] and mouse [22] IGF-1s differ from that seen
in humans by three and four amino acids, respec-
tively.

Two additional protein products are produced by
posttranslational cleavage of IGF-1 precursor pro-
tein, identified in the human brain [23]. A trun-
cated IGF-1 isoform (−3N:IGF-1) lacks the first
three amino acids from the NH2-terminal end of
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DNA: Structure of the rodent IGF-1 gene

RNA: Differential splicing of IGF-1 transcripts

Protein: IGF-1 isoforms

Class 1 IGF-1 Ea

Class 1 IGF-1 Eb

Class 2 IGF-1 Ea

Class 2 IGF-1 Eb

Met-48 Met-32

Excn 1 Excn 2 Excn 3 Excn 4 Excn 5 Excn 6

S-32

S-32

S-48

S-48

B C A D

B C A D

B C A D

Eb-41

Eb-41

Ea-35

B C A D Ea-35

Figure 15.1 Genomic organization and expression of the
rodent IGF-1 locus. The mammalian single-copy IGF-1 gene
contains six exons, separated by five introns. Exons 1 and 2
contain multiple transcription start sites and encode
distinct, mutually exclusive 5’-untranslated regions as well
as N-terminal signal peptide sequence. Exons 3 and 4
encode the IGF-1 B, C, A, and D and part of the E-domain.
Exon 5 and exon 6 each encode distinct extension peptides
(E peptides), termination codons, and 3’-untranslated

regions. Transcription of the IGF-1 gene is complex,
through use of alternative promoters and transcription
start sites located in leader exons, alternative
posttranscriptional exon splicing, and use of different
polyadenylation sites. These multiple IGF-1 mRNA
transcripts encode different IGF-1 precursors, which
undergo further posttranslational cleavage to release the
biologically active mature IGF-1.

the B-domain, has low binding affinity to IGF-
binding proteins, and displays enhanced biological
(neurotrophic) effects, which are mediated through
the IGF-1 receptor [24, 25]. Another product from
this posttranslational modification of IGF-1 precur-
sor protein is the tripeptide glycyl-prolyl-glutamate
(gly-pro-glu), which corresponds to the amino ter-
minal end of mature IGF-1 [23]. In the central
nervous system, gly-pro-glu modulates neurotrans-
mitter release via the N-methyl-D-aspartate type of
glutamate receptor, although the relevance of these
posttranslational modifications to the function of
IGF-1 in the heart is currently unknown.

It has been suggested that alternate splicing and
differential promoter usage leads to the generation
of different signal peptides that could affect the pre-
cise N-terminal cleavage site of the signal peptide
[26] at a position three amino acids downstream

of the usual cleavage site to produce the N-terminal
truncation of the B-domain of mature or pro-IGF-1
[27, 28]. The cleavage of three N-terminal amino
acids (gly-pro-glu) results in a truncated des [1–3]
IGF-1 peptide [25]. Different signal peptides have
also been implicated in the determination of exten-
sion peptide a glycosylation in vitro [29].

Tissue distribution of IGF-1 transcripts varies in
both the signal peptide and E peptide coding re-
gions. In rodents, exon 1 transcripts predominate
in the liver, the primary source of circulating IGF-1
[30]. During postnatal development and in adult,
expression of exon 2 transcripts is more growth
hormone (GH)-dependent than expression of exon
1 transcripts [31, 32]. Exon 2 transcripts appear later
in postnatal development, increasing especially at
the onset of GH-dependent linear growth, and their
appearance coincides with that of circulating IGF-1
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Table 15.1 Summary of contrasting muscle phenotypes of IGF-1 transgenic mice*.

Circulating IGF-1 Muscle hypertrophy Muscle regeneration

Rskα-actin/hIGF-1 [37] Increased No No change

MLC/mIGF-1 [38] No change Yes Enhanced

*Also see Ref. [39].

[30]. Notably, in the heart, IGF-1 transcription de-
rives only from the third out of four possible exon 1
start sites, whereas exon 2-containing transcripts
are undetectable [33]. IGF-1 mRNAs encoding the
Ea-peptide are the major transcripts found in extra-
hepatic tissues, including the heart. Thus, it appears
that transcripts encoding the Class 1 signal peptide
and the Ea-peptide expressed in extrahepatic tissues
such as the heart are less GH-responsive, encoding
an autocrine/paracrine form of IGF-1.

Only recently has the field begun to appreciate
that the different IGF-1 isoforms have specialized
functions, which might explain the pleiotropic ef-
fects of IGF-1. Indeed, injury of adult mammalian
tissues induces transient production of these IGF-1
isoforms, which purportedly control cell growth,
survival, and differentiation [34]. By contrast, cir-
culating IGF-1 produced largely by the adult liver
has been implicated in the restriction of lifespan
[35, 36].

With an increasing research focus on the potential
therapeutic application of IGF-1 in treating skele-
tal and cardiac muscle diseases, the need for eval-
uating IGF-1 isoform function has become a cru-
cial prerequisite for developing IGF-1-based ther-
apies. Specifically, very little is known about the
intra- and extracellular processing of IGF-1 precur-
sor peptides. It is not clear whether the variable sig-
nal peptides encoded in the first exons of the IGF-1
gene locus differentially locate the gene product or
deliver it via a different cellular compartment. Sim-
ilarly, the function and fate of the C-terminal E pep-
tides has not been extensively studied.

Growth factor therapy for
muscle regeneration

The importance of IGF-1 isoforms and their precur-
sor components in the biological effects of IGF-1 is
illustrated by contrasting reports in which overex-
pression of different IGF-I transgenes was directed

to the skeletal muscle (Table 15.1). The major role in
the growth, remodeling, and regeneration in skele-
tal muscle is played by satellite cells—a quiescent
population of myogenic cells that reside between
the basal lamina and plasmalemma and are rapidly
activated in response to appropriate stimuli. In mice
carrying a muscle-specific IGF-1 transgene lacking a
native signal peptide or E peptide, truncated IGF-1
protein was released into the circulation, but had
no beneficial effect when tested on muscle regener-
ation in autotransplanted whole muscle grafts, my-
ofibre atrophy following sciatic nerve transaction,
or sarcolemmal damage and myofibre necrosis in
dystrophic muscle [37].

In contrast, the dramatic regenerative properties
of a naturally occurring isoform, mIGF-1, in skeletal
muscle and its dramatic promotion of cell survival
and renewal in senescent muscle have been amply
documented [38, 40, 41]. Expressed as a muscle-
specific transgene or on a viral vector, mIGF-1 elic-
its a striking increase in skeletal muscle mass and
strength, a rapid restoration of injured muscle, re-
ducing scar formation. In response to injury, local
production of mIGF-1 in transgenic mouse mus-
cles results in an enhanced activation of satellite
cells, as shown by a rapid induction of Pax7, a
satellite cell marker [41]. To determine whether
bone-marrow-derived cells could also contribute to
mIGF-1-mediated regeneration, mIGF-1 mice were
lethally irradiated to ablate native bone marrow and
then were reconstituted with donor bone marrow
carrying a GFP (green fluorescent protein) trans-
gene driven by the c-kit promoter. By tracking trans-
planted bone-marrow-derived cells to skeletal mus-
cle early in the regeneration process, we observed a
fourfold increase in GFP-positive cells migrating to
the injured muscle of mIGF-1 transgenic mice as
compared to wild-type littermates [38]. These re-
sults indicate that local mIGF-1 induces the produc-
tion of signals to increase the mobilization of un-
committed cell subsets in the bone marrow, which
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migrate to sites of tissue damage and participate
either directly or indirectly in the regeneration pro-
cess.

The dramatic increase in progenitor cells in
mIGF-1 transgenic injured muscles was ablated by
the administration of 5-FU—a potent repressor of
the cell cycle—which did not affect the abundance
of nonproliferative cells at the site of injury. This
is consistent with the effect of mIGF-1 transgene
expression in primary muscle cultures, which con-
tained an expanded myogenic population in re-
sponse to muscle damage, with 50% more myoblasts
seen than in wild-type control cultures. Thus, re-
generative cell populations increased by the pres-
ence of mIGF-1 rely on proliferative capacity [38].
Finally, skeletal myoblasts isolated from mIGF-1
transgenic muscle stimulated the conversion of
bone marrow cells to a myogenic lineage when
cocultured with bone marrow stem cell subpopula-
tions [38]. These studies emphasize the importance
of IGF-1 as an inductive signal, which increases the
efficiency of stem cell action and improves tissue
regeneration.

Another IGF-1 isoform, Class 1 IGF-1Eb, has also
been shown to enhance the integration of bone-
marrow-derived cells into skeletal muscle in vivo
and to promote fusion of a subset of bone-marrow-
derived cells, myelomonocytic precursors, to cocul-
tured myotubes in vitro [42]. These results further
highlight the crucial role of IGF-1 isoforms in tissue
repair.

In summary, the marked contrast between phe-
notypes elicited by overexpression of different IGF-
1 isoforms underscores the importance of further
research on the molecular underpinnings of their
action. In contrast to artificially truncated forms,
the mIGF-1 isoform is a powerful enhancer of lo-
cal regeneration, mediating the recruitment of bone
marrow cells to sites of tissue damage and their
contribution to muscle repair. Enhanced mobiliza-
tion and homing of local as well as bone-marrow-
derived progenitor cells by local mIGF-1 is trig-
gered by damage, and presumably contributes to
increases in muscle mass, strength, and resistance in
age-related atrophy and degenerative disease. How-
ever, it is likely that other naturally accruing IGF-1
isoforms may play equally important roles in tis-
sue homeostasis and regeneration (N. Winn and
N. Rosenthal, manuscript in preparation), particu-

larly in the context of the myocardium. A compre-
hensive comparison of IGF-1 isoform function in
the heart is long overdue.

Enhancing cardiac muscle
regeneration

A number of recent studies have tested IGF-1 in
the setting of myocardial infarction, demonstrat-
ing that this growth factor can also contribute to an
improved tissue environment in the damaged heart.
Cardiac stem cells and early committed cells express
IGF-1 receptors and synthesize and secrete IGF-1
[43]. When fully processed IGF-1 was injected to-
gether with hepatocyte growth factor (HGF) into
infarcted mouse hearts, this combination of growth
factors induced the formation of new myocardium
that contained arterioles, capillaries, and function-
ally competent myocytes that gradually increased in
size, improving ventricular performance. This im-
provement in myocardial regeneration was achieved
through stimulation of an endogenous reserve of
progenitor cells that reconstituted damaged my-
ocardium and restored cardiac function. This study
demonstrates how the heart can be transformed
into a regeneration-competent organ through the
combined actions of growth factors that improve
the local environment and activate endogenous
stem cell reserves [43].

The biology that underlies these exciting obser-
vations is still not well understood. As in skeletal
muscle, different IGF-1 isoforms have contrasting
effects on the heart when expressed as transgenes,
variously promoting cell survival or inducing
prolonged hypertrophy with pathological conse-
quences [44, 45]. To determine the extent to which
supplemental expression of the mIGF-1 isoform
was capable of promoting regeneration of cardiac
tissue, we have generated transgenic mice in which
the mIGF-1 transgene was driven by a cardiac gene
promoter, to restrict expression of mIGF-1 to the
mouse myocardium and exclude possible endocrine
effects on other tissues. Transgenic mIGF-1 expres-
sion levels increased with age exclusively in the
heart, which precociously attained adult size with-
out perturbing function. In contrast to the charac-
teristic progression of scar formation in wild-type
hearts after myocardial infarction, mIGF-1 trans-
gene expression induced repair of the injured tissue,
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with minimal scar formation after 1 month with
integrity of the posterior wall and normal echocar-
diographic profiles. Functional parameters of the
recovered mIGF-1 hearts were also significantly im-
proved when compared to infarcted control ani-
mals. This functional improvement was due in part
to an amelioration of the cellular environment of the
postinfarct heart, with marked reduction in inflam-
matory markers and increased periinfarct prolifer-
ative activity. These preliminary results suggest that
in the mIGF-1 transgenic hearts, cardiac regenera-
tion involves early resolution of inflammation at the
site of injury to prevent scar formation, making way
for the subsequent tissue replacement that restores
form and function (M.P. Santini and N. Rosenthal,
unpublished results). It is therefore likely that sup-
plemental mIGF-1 improves the tissue environment
through specific cell signaling pathways that reduce
the fibrotic response.

The origin and identity of cells that are stimu-
lated by IGF-1 to promote cardiac regeneration is
still under debate. Our observations of increased
proliferative activity, relatively late after myocardial
infarction of mIGF-1 hearts, suggest that some of
these cycling cells may correspond to a population of
rare, small cardiomyocytes that retain the capacity
to proliferate in response to damage [46–48]. Cells
capable of differentiating into a myocyte in the adult
heart [49, 50] could also originate through the com-
mitment of precursor cells to the myocyte lineage.
Undifferentiated precursor cells in the adult heart
have been identified through cell surface proteins
that mark stem cell populations in other tissues [51,
52]. In some cases, these cells give rise to clones that
express biochemical markers of myocytes, smooth
muscle, and endothelial cells in vitro, underscoring
their stem-cell-like nature.

It is also possible that endothelial precursors
are stimulated by mIGF-1 to contribute directly
to regenerating myocardial tissue. Indeed, adult
human endothelial progenitor cells, derived from
peripheral blood mononuclear cells, or hematopoi-
etic progenitor cells can convert into cardiomy-
ocytes when cocultured with rat cardiomyocytes
[53]. In these studies, cell–cell contact or an extra-
cellular matrix-associated signaling appeared to be
critical, because conditioned media from cardiomy-
ocyte cultures was not sufficient for conversion to a
cardiomyocyte phenotype.

Cycling myocardial cells induced by mIGF-1 may
further derive from recently characterized cells iso-
lated from the adult rat heart which retain stem cell
characteristics [54]. These cells are self-renewing,
clonogenic, and multipotent in vitro and in vivo
and give rise to myocytes and smooth muscle and
endothelial vascular cells. When injected into an is-
chemic rat heart, a population of these cells or their
clonal progeny reconstitute up to 70% of the in-
jured myocardial wall. Since this endogenous pool
of primitive multipotent cells can be recruited into
the regenerative process by the intramyocardial in-
jection of a growth factor cocktail (IGF-1 and HGF),
a combined cell-plus-factor strategy might be most
effective for promoting translocation to the dam-
aged area and activating growth and differentiation
[43]. The blunted response to HGF or IGF-1 alone
[43] has been attributed to the need for improve-
ment of survival and promotion growth provided
by IGF-1 together with the chemotactic effects of
HGF. However, it is possible that fully processed
IGF-1 may not maintain the full spectrum of activi-
ties seen for the endogenous forms such as mIGF-1
[38]. Dissecting the distinct functions of the various
IGF-1 isoforms in promoting cardiac regeneration
remains a major challenge in the field and will un-
doubtedly yield new approaches to growth factor
enhancement of the regenerative process.

An integrated approach
for the future

Although effective cell-based repair of the mam-
malian heart is now a feasible goal of regenera-
tive medicine, further investigation is necessary to
improve the very poor graft survival and rate of
proliferation of cells after injection and to exploit
their capacities to transdifferentiate, integrate, or
protect the remaining myocardium. Since supple-
mentary IGF-1 enhances myocardial regeneration
following injury by enhancing endogenous repair
mechanisms without affecting long-term postnatal
organ function, it may constitute a clinically feasi-
ble therapeutic reagent to bypass the normal restric-
tions on mammalian cardiac repair. Although the
evidence to date for growth factor supplementation
is encouraging, it remains to be determined which
combination of growth factors elicits the most ef-
fective response.
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Figure 15.2 Combinatorial cell and growth factor
therapies. Potential advantages of the combining cells and
growth factors in cardiac repair and regeneration. In the
wake of a myocardial infarction, the action of growth
factors such as IGF-1 and HGF stabilizes the necrotic zone
and restricts fibrosis by activation of survival signals,
inducing the secretion of anti-inflammatory cytokines and
chemoattractive molecules that promote contribution of

progenitor cells to the areas of injury. Endogenous
precursor cell pools are activated to proliferate and are
recruited to the damage tissues. Increasing the progenitor
cell pool through introduction of exogenous cells increases
the angiogenic activity in the infarct border zone and
further potentiates the repair process. The optimal
identities of the cells and growth factors in each scenario
remain to be determined.

Novel approaches will also be required to over-
come the insufficiencies of endogenous stem cells to
alleviate acute and chronic damage to mammalian
cardiac tissues. The possibility that endogenous car-
diac stem cells can be mobilized by growth factors
to migrate from their niche within the healthy heart
and help regenerate diseased myocardium has ad-
ditional implications for therapeutic intervention
[55]. This possibility is supported by the enhance-
ment of recovery from nonischemic heart failure,
using the current generation of implantable left ven-
tricular assist devices [56, 57] in combination with
the β2 agonist clenbuterol, to induce a mild degree
of physiologic hypertrophy, enhance electrome-
chanical coupling, and markedly improve hemody-
namic function [56, 58, 59]. The exact mechanism
of regeneration in these patients is not known but
could include revival of mature cells as well as mi-
gration of stem cells from the heart or bone marrow
[7, 8]. Indeed, patient myocardia contained elevated

levels of IGF-1 and stromal cell-derived factor-1
(SDF-1), both of which are known to enhance re-
cruitment of stem cells [38, 60]. It is increasingly
clear that an instructive tissue environment is crit-
ical and may broaden the scope of adult cell types
that can participate in functional cardiac repair.

For the future, therapeutic strategies for the
restoration or replacement of cardiac tissues and
structures are likely to derive from combining the
use of cells and growth factors (Figure 15.2). Surgi-
cal or mechanical interventions, bioengineered ma-
terials, and associated technologies may provide ad-
ditional avenues for innovation. In a recent exciting
proof of concept, biotinylated IGF-1, bound to self-
assembling peptide nanofibers and injected into rat
myocardium, provided sustained IGF-1 delivery for
28 days and increased activation of downstream Akt
signaling in the myocardium. When combined with
transplanted cardiomyocytes, IGF-1 delivery by bi-
otinylated nanofibers decreased caspase-3 cleavage,
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increased myocyte cross-sectional area, and im-
proved systolic function after experimental myocar-
dial infarction [61], demonstrating how providing
the appropriate signals and environment for cells
can optimize the reconstitution of the dysfunctional
organ. Coordinating current advances in regenera-
tive research will be necessary to achieve optimal
modulation of the regenerative response and to
devise effective strategies that address the short-,
medium-, and long-term aspects of heart failure
prevention and treatment.
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Cardiac stem cells and diabetic
cardiomyopathy
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Introduction

A typical feature of the diabetic heart is the devel-
opment of a myopathy that deteriorates with time,
independent from intercurrent vascular manifesta-
tions. This myopathy often presents itself as ven-
tricular dilation, with relative wall thinning, and an
impairment in both diastolic and systolic function
[1]. The timing parameters of myocyte shortening
and relengthening are prolonged and the force gen-
eration of the myocardium is reduced. These me-
chanical defects have their biochemical counterpart
in the phosphorylation of troponin I by protein ki-
nase C-epsilon that conditions a decrease in myofil-
ament calcium (Ca2+) sensitivity. These and other
relevant findings have left unanswered the question
whether these changes play a primary or secondary
role in the occurrence of a diabetic myopathy. In
fact, myocyte hypertrophy of various etiologies re-
sults in similar mechanical alterations and changes
in regulatory proteins [2]. A major advance in our
understanding of the pathophysiology of the dia-
betic heart was prompted by the recognition that
myocyte death and reactive myocyte hypertrophy
are critical determinants of cardiac pathology with
diabetes and that both are mediated partly by acti-
vation of the local renin–angiotensin system (RAS).
Importantly, these etiologic factors are operative in
animals with insulin-dependent diabetes mellitus
(IDDM; type I) and in humans with noninsulin-

dependent diabetes mellitus (NIDDM; type II) [3,
4]. These data point to the cardiac RAS as the pre-
dominant cause of the onset and development of
diabetic cardiomyopathy in the absence of coro-
nary artery disease and hypertension. Hyperten-
sion potentiates the effects of diabetes on the for-
mation of angiotensin (Ang) II-induced cell death
and cellular hypertrophy [3]. Therapeutic interven-
tions decreasing the formation of Ang II have been
shown to attenuate morbidity and mortality rates
in diabetic patients, and angiotensin-converting en-
zyme inhibition positively modifies cardiovascular
events and overt nephropathy in subjects with se-
vere diabetes [5]. Together, these observations sup-
port the notion that diabetic cardiomyopathy is an
Ang II-dependent myopathy where Ang II exerts
two fundamental functions: activates the death and
growth of parenchymal cells [3, 4]. In the diabetic
human heart, cell death affects not only the myocyte
compartment, but also endothelial cells (ECs) and
smooth muscle cells (SMCs) of coronary vessels,
potentially altering myocardial perfusion [3]. The
loss of ECs and SMCs may lead to loss of arterioles
and capillary structures, resulting in a rarefaction
of the coronary circulation, an increase in minimal
coronary vascular resistance, a reduction in coro-
nary reserve, and defects in tissue oxygenation of
the diabetic myocardium.

The diabetic state is extremely complex, and
thereby difficult to reproduce in animal models.
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Three metabolic alterations are present: hyperlipi-
demia, early hyperinsulinemia followed by pancre-
atic ß-cell failure, and hyperglycemia. IDDM differs
from NIDDM because IDDM is not associated with
a period of hyperinsulinemia and it is characterized
by an early onset of hyperglycemia. Although the
timing and severity of hyperglycemia may vary in
IDDM and NIDDM, an increased blood glucose
level is consistently found in both types of diabetes.
For this reason, we have analyzed in this chapter the
effects of hyperglycemia, RAS, and oxidative stress
on the heart. The recognition that the adult heart
possesses a pool of resident cardiac progenitor cells
(CPCs), which are self-renewing, clonogenic, and
multipotent [6, 7], dictates a different biologic un-
derstanding of cell regeneration in the heart. Dia-
betes may damage the CPC compartment, affecting
the repair processes, and thereby cardiac function.
Whether diabetes has consequences on CPCs com-
parable to those found in myocytes, ECs, and SMCs
is an important unanswered question. If this were
the case, diabetes may be viewed as a disease pro-
cess that negatively affects the growth reserve of the
heart so that enhanced cell death cannot be coun-
teracted by a repopulation of the heart with cells
that preserve the architecture and function of the
myocardium.

Hyperglycemia, protein
glycosylation, and diabetic
cardiomyopathy

A relevant question with diabetes concerns the pat-
tern of cell death and its consequences on the heart.
Apoptosis is a rapid phenomenon, which allows
sudden anatomical adaptation in response to abrupt
changes in loading. The increase in diastolic stress is
coupled with the immediate activation of apoptosis,
side-to-side slippage of cells, mural thinning, and
chamber dilation [8]. Apoptosis is very effective in
removing undesired cells during development and
the same may be true in the adult heart. Conversely,
necrosis develops over a longer period and is not im-
plicated in the precipitous restructuring of the wall,
required for the preservation of stroke volume and
cardiac output after infarction and other pathologic
states [9]. Stretching of myocytes in vitro does not
induce necrosis but triggers apoptosis, promoting
an architectural rearrangement of the myocardium

[10]. Apoptosis does not alter the architecture and
composition of the myocardium, while cell necrosis
results in an inflammatory reaction, vascular pro-
liferation, and collagen deposition, leading to my-
ocardial scarring. Although apoptosis and necrosis
are two different biological processes, similar stim-
uli can initiate both forms of cell death. Ischemic
insults induce myocyte apoptosis and necrosis, but
the timing is different. The intensity of the death
stimulus is responsible for the choice of the cell to
die by either mechanism. This is the case for oxida-
tive stress. Different levels of reactive oxygen species
(ROS) trigger apoptosis or necrosis [11]. High for-
mation of ROS can cause DNA damage together
with covalent modifications of cellular proteins in-
ducing double DNA strand breaks with blunt ends,
typical of cell necrosis [12]. Oxidative stress in-
creases exponentially with diabetes and is closely
related to hyperglycemia, which is a common fea-
ture of both type I and type II diabetes.

Another biochemical complication with diabetes
is the formation of glycosylated products [13]. Pro-
teins constitute the principal substrate of this reac-
tion, which generates glycoproteins in the extracel-
lular compartment, plasma membrane, cytoplasm,
and, ultimately, in the nucleus [14]. Glycosylation
of proteins occurs through the addition of carbohy-
drates, with or without an enzymatic reaction [13].
Nonenzymatic glycosylation is commonly defined
as glycation. The formation of glycation products
requires time and becomes evident in vitro only
when cells are kept in high glucose-containing me-
dia for at least 1 week [15]. The rate of glycation
is slow and so rapidly turning-over intracellular
proteins would not persist in the cell long enough
to undergo nonenzymatic glycosylation. The most
frequent product of enzymatic glycosylation is
O-linked N-acetylglucosamine (GlcNAc). This
posttranslational modification consists of single
GlcNAc residues that are connected to the hydroxyl
group of serine or threonine by a transferase catalyz-
ing the O-glycosylation [14]. These sites are clus-
tered at the COOH-terminal of intracellular pro-
teins, in the proximity of proline or valine residues.
They are similar to phosphorylation sites for several
protein kinases [14].

Glycosylation and phosphorylation activate sev-
eral transcription factors. The processes of gly-
cosylation and phosphorylation are tightly and

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 16 Cardiac stem cells and diabetic cardiomyopathy 163

dynamically regulated, and there is direct compe-
tition between glucose and phosphate at a single
amino acid residue, resulting in a decrease in the
level of phosphorylation when glycosylation oc-
curs, and vice versa [16]. Glycosylation and phos-
phorylation activate SP1, AP-1, SRF, and p53. En-
zymatic glycosylation of p53 has originally been
documented in a carcinoma-derived cell line in
which wild-type glycosylated p53 is constitutively
expressed and is biologically active [17]. In these
cancer cells, glycosylated p53 promotes transcrip-
tion of target genes and activates apoptosis. De-
pending on the stretch of amino acids involved,
posttranslational modifications of p53 have differ-
ent effects on gene transcription. The basic region at
the COOH-terminus of p53 represses DNA binding
and maintains p53 in its latent form. This inhibi-
tion can be relieved by two mechanisms: by intro-
duction of bulky groups, including sugars like Glc-
NAc, or by neutralization of charge through phos-
phorylation by protein kinase C, casein kinase II,
and p38 MAP kinase [18]. The sites of glycosyla-
tion do not possess a common consensus sequence,
but share some characteristics. They are clustered
at the COOH-terminus in the proximity of proline
and valine residues. They are located in sequences
rich in serine and threonine that are similar to phos-
phorylation sites for protein kinases [16]. These sites
constitute the substrate for the catalytic activity of
glycosyl transferases and protein kinases.

The effects of hyperglycemia on the heart can be
reproduced, at least in part, by culturing cells in the
presence of concentrations of glucose that exceed
the physiologic value of 5 mM. Binding sites for p53
are present in the promoter of angiotensinogen and
Ang 1 receptor (AT1) genes [8]. p53 enhances the

myocyte RAS and the formation of Ang II. More-
over, p53 reduces the expression of genes opposing
cell death, such as Bcl-2, and up-regulates genes pro-
moting apoptosis, such as Bax. High glucose leads to
O-glycosylation and activation of the p53 transcrip-
tion factor. This posttranslational modification of
p53 results in up-regulation of the cardiomyocyte
RAS and synthesis of Ang II [19]. Ligand binding
to AT1 receptors in myocytes activates p38 MAP ki-
nase that, in turn, phosphorylates p53 at Ser390,
provoking a sustained stimulation of the transcrip-
tion factor and chronic formation of Ang II (Fig-
ure 16.1). An additional site of phosphorylation of
p53, Ser18, which is coupled with growth arrest and
apoptosis, is activated when myocytes are cultured
in the presence of high concentrations of glucose
[19]. Ang II binding to AT1 receptor increases cy-
tosolic calcium, which in turn leads to ROS genera-
tion and ultimately cell death. This effector pathway
is blocked by inhibitors of O-glycosylation. As ex-
pected, AT1 receptor antagonists have no influence
on O-glycosylation of p53 but interfere with p53
phosphorylation. Finally, inhibition of p38 MAP ki-
nase mimics at a more distal level the consequences
of losartan by preventing Ang II-mediated myocyte
death [19].

It is reasonable to assume that CPCs possess all
the molecular components of RAS, but the exis-
tence of this hormonal system in cardiac primitive
cells has not been documented yet. If this were the
case, the effects of Ang II on myocyte growth and
death may similarly involve CPCs and the chronic
up-regulation of RAS in diabetes may be associ-
ated with a decrease in the CPC pool size. Pre-
liminary results are consistent with this possibil-
ity (Figure 16.2). Hyperglycemia may glycosylate

Figure 16.1 Central role of the renin–angiotensin system (RAS) in the generation of reactive oxygen species (ROS) and the
development of the diabetic cardiomyopathy. SOD = superoxide dismutase.
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Figure 16.2 Components of the renin–angiotensin system
are present in CPCs. (A–C) c-kit-positive (A; green,
arrowheads) cells in the left ventricular myocardium
express the AT1 receptor subtype (B; yellow). Panel C

represents a merge of panels A and B. (D–F) Isolated
cardiac c-kit-positive (D; green, arrowheads) cells express in
their cytoplasm Ang II (E; red, arrowheads). Panel F
represents a merge of panels D and E.

p53 in CPCs, activating the cellular RAS and the
synthesis of Ang II. Binding to AT1 receptor and
phosphorylation of p53 may stimulate chronically
p53 function, transcription of p53-inducible genes,
local Ang II production, reactive O2, and CPC death.
Perhaps, diabetic cardiomyopathy may be viewed as
an Ang II-mediated and ROS-dependent myopathy
in which aging and death of CPCs impair the normal
turnover processes of myocytes, vascular ECs, and
SMCs. This alteration may lead initially to a mod-
erately dilated heart with ventricular dysfunction
and chronically to a severely decompensated car-
diomyopathy. If hyperglycemia and reactive O2 are
the determinants of the diabetic myopathy, similar
mechanisms may be operative in both IDDM and
NIDDM.

p66shc and the diabetic heart

The genetic–molecular status of the heart may in-
fluence the outcome of diabetes, and genetic ma-
nipulations may interfere with the development of
a diabetic cardiomyopathy. The diabetic heart may
benefit from a form of treatment in which cell ther-
apy and gene therapy are combined. Cell transplan-

tation alone may lead to an improvement of cardiac
function that is only transient. The metabolic de-
rangement characteristic of the diabetic state may
negatively affect the survival and growth of the
implanted CPCs. Genetic modifications aiming at
the enhancement of cell viability by interfering
with oxidative stress, apoptosis, and necrosis may
confer a growth advantage to the exogenous cells
with respect to resident cardiac cells. Moreover, the
progeny of the delivered cells inherits the genetic
background of the CPCs. The resistance of my-
ocytes, SMCs, and ECs to the death stimuli is essen-
tial for the preservation of myocardial homeostasis.
Based on evidence in the literature, it can be said
that candidate genes can be identified in p66shc and
insulin-like growth factor-1 (IGF-1).

The Shc family of proteins includes three splic-
ing isoforms encoded by the same genetic locus—
p46shc, p52shc, and p66shc [20]. p46shc and p52shc

are ubiquitously expressed and possess a recipro-
cal relationship in every cell type. This is not the
case for the p66shc isoform, which varies in abun-
dance from cell to cell and it is not present in all
cells. However, cells that do not possess p66shc in
baseline conditions acquire the capacity to express
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this protein in response to apoptotic stimuli [21].
p46shc, p52shc, and p66shc share a modular struc-
ture, which includes a C-terminal SH2 domain, a
proline-rich CH1 domain, and a PTB domain, that
interacts with tyrosine phosphoproteins and binds
membrane phospholipids. The SH2 domain medi-
ates the transmission of stimulatory growth signals
from membrane tyrosine kinase receptors. p46shc

and p52shc activate the Ras oncoprotein, and this in-
teraction links Shc proteins to downstream effector
responses involving MAP kinases and cell prolifera-
tion [20]. p66shc behaves in a different manner since
it does not activate MAP kinases following growth
factor stimulation. p66shc contains an additional N-
terminal proline-rich CH2 domain that inhibits c-
fos promoter activity [20], which differs from the
role of the other Shc gene products. Thus, members
of the same family of Shc proteins exert an opposite
function: p46shc and p52shc promote cell prolifera-
tion, while p66shc negatively affects cell growth.

Ablation of p66shc only, without affecting p46shc

and p52shc, decreases the influence of oxidative
stress in vivo. Targeted mutation of the mouse p66shc

gene decreases the formation of ROS, increases the
resistance of the cell to free radicals, and prolongs
life by 30% [22]. By multiple pathways, p53 in-
creases the intracellular concentration of ROS. The
adaptor protein p66shc constitutes a powerful ef-
fector that links p53 to oxidative stress. The p66shc

protein reduces the resistance of cells to ROS, stimu-
lating the cell death pathway [22, 23]. The p66shc−/−

mouse provides the first demonstration that a ge-
netic link exists between reactive O2 and cell death in
mammals. Because of the high metabolic rate of the
heart in mice, diabetes-mediated O2 toxicity may
affect the myocardium shortly after the onset of di-
abetes. The negative consequences of diabetes on the
structure and function of the heart may be partially
inhibited in p66shc−/− transgenic mice. This animal
model offers the possibility to identify whether a ge-
netic relationship exists between diabetes and ROS,
on the one hand, and premature cellular senescence
and heart failure, on the other.

p66shc transduces ROS-dependent signals only
in the presence of p53. In the absence of p53, the
ability of p66shc to modulate the elevation of in-
tracellular oxidants and induce cell death is lost.
In cells exposed to UV light or H2O2, the expres-
sion of p66shcmarkedly increases [22]. However,

this up-regulation does not take place in p53−/−

cells, strongly suggesting that p53 positively mod-
ulates the adaptor protein p66shc. These observa-
tions have been confirmed by the overexpression of
p53 in p53−/− fibroblasts: this genetic manipula-
tion restores the p66shc response [24]. By using 35S
metabolic labeling, it has been documented that p53
increases the stability of p66shc. This phenomenon
may be related to a posttranslational modification of
p66shc by its phosphorylation at Ser36. Phosphory-
lation at Ser36 is critical for conferring to the cells
an increased susceptibility to oxidative stress, and
thereby initiating the cell death response with oxida-
tive damage [21]. Although a synergistic interaction
between p53 and p66shc has been demonstrated,
the molecular mechanisms underlying this relation
have not been clarified yet. It is known that c-Jun
N-terminal protein kinase (JNK) is the enzyme that
phosphorylates p66shc at Ser36 [25]. In the presence
of high glucose levels, the up-regulation of RAS is
coupled with an increased expression of JNK in car-
diomyocytes [19]. p53 may act indirectly on p66shc

by up-regulating RAS and, as a consequence, JNK
and p66shc phosphorylation. JNK, in turn, increases
p53 half-life by inhibiting its ubiquitination. Con-
versely, reduced JNK activity prevents cytochrome
c release and caspase-3 cleavage. This inhibition of
apoptosis could be mediated by the lack of JNK-
mediated phosphorylation of p66shc. Thus, Ang II,
p53, and p66shc act in concert and create a positive
feedback loop that leads to increased ROS forma-
tion, cell aging, and cell death. p66shc influences the
role that p53 has in the activation of apoptosis with
ROS formation but p66shc is not implicated in other
functions of p53, including growth arrest and tumor
suppression.

The N-terminal domain of p66shc becomes phos-
phorylated at Ser36 when cells are exposed to
oxidative stress. Phosphorylated p66shc inhibits the
activity of the forkhead family of transcription fac-
tors, leading to the reduced transcription of the
forkhead target genes such as the antioxidants su-
peroxide dismutase and catalase. Additionally, a
fraction of intracellular p66shc is located within
the mitochondrial compartment. In this organelle,
p66shc binds to the heat shock protein Hsp70.
This inert complex is activated and dissociated
upon oxidative stress, leading to a marked de-
crease in mitochondrial membrane potential, an
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increase in transmitochondrial permeability, and
ROS formation [23]. For these reasons, wild-type
and p66shc−/− mice can be employed to test the hy-
pothesis that oxidative stress and cell death are the
critical determinants of the diabetic heart. If this
were correct, the impact of ROS on cardiac cells
should be significantly attenuated in the p66shc−/−

mouse, delaying the onset of a diabetic myopathy
and heart failure.

High glucose concentration promotes the gen-
eration of ROS, and both apoptosis and necrosis
have been found in CPCs from wild-type mice.
However, CPCs from p66shc−/− mice are more re-
sistant to hyperglycemia, which results in an at-
tenuation of cell death. CPC death can only be
opposed by defense mechanisms capable of decreas-
ing the amount of ROS and/or attenuating the ox-
idative stress response. Ablation of p66shcmay offer
both forms of protection, since the production of
ROS with hyperglycemia is reduced in p66shc−/−

CPCs. Preliminary data in vivo suggest that a phe-
nomenon comparable to hyperglycemia may be
present with diabetes (Figure 16.3). Four weeks af-
ter the induction of diabetes with streptozotocin,
CPC apoptosis is lower in diabetic p66shc−/− mice
than in wild-type mice, and attenuation of cell
death is accompanied by reduction in DNA ox-
idative damage and cellular senescence [26]. The
generation of hydroxyl radicals, �OH, which was
assessed by 8-OH-deoxyguanosine accumulation
in nuclei, is blunted in p66shc−/−CPCs. Similarly,
the fraction of senescent p16INK4a-positive CPCs is
lower in diabetic p66shc−/− than in wild-type mice.
There is a high association between DNA damage
and p16INK4a expression, and apoptosis is restricted
to p16INK4a-positive CPCs in both wild-type and
p66shc−/− mice. CPC necrosis is occasionally seen.
Moreover, DNA damage, cellular senescence, and
myocyte necrosis are blunted in diabetic p66shc−/−

mice, while myocyte apoptosis is similar in diabetic
wild-type mice and p66shc−/− mice. These data are
consistent with the notion that oxidative stress is
coupled with cellular senescence, and the age of the
cell conditions activation of the programmed death
sequence.

Ablation of p66shc in CPCs and myocytes may
have dramatic beneficial consequences on the dia-
betic heart; p66shc deletion may decrease the extent
of cell death and change cell death from necrosis

to apoptosis. The CPC pool may be protected, and
thereby myocyte regeneration and vessel formation
can occur. If apoptosis rather than cell necrosis were
the predominant outcome of diabetes in p66shc−/−

mice, interstitial fibroblasts may not be activated
and collagen accumulation, myocardial scarring,
and cardiac remodeling may be largely avoided. In
this regard, cardiac performance is moderately al-
tered 1 week after the onset of diabetes and severe
ventricular dysfunction is apparent at 4 weeks in
wild-type mice. Conversely, cardiac performance is
protected up to 4 weeks in diabetic p66shc−/− mice.
Additionally, ventricular dilation is prevented and
the myocyte number is preserved. These findings
suggest that the impact of ROS on the heart is atten-
uated in p66shc−/− mice, delaying the onset of a di-
abetic myopathy. Therefore, hyperglycemia may re-
sult in p53 glycosylation, up-regulation of the local
RAS, Ang II formation, p53 phosphorylation, fur-
ther activation of RAS, p66shc phosphorylation, ele-
vation in intracellular Ca2+, production of reactive
O2, and, ultimately, cellular senescence and death.
The attenuation of the effects of oxidative stress on
the myocardium obtained with p66shc deletion ap-
pears to interfere with the development of a diabetic
cardiomyopathy, in spite of pancreatic damage and
hyperglycemia.

IGF-1 and the diabetic heart

Clinical and experimental studies have not provided
a consistent answer regarding the identification of
a therapeutic role for exogenously administrated
IGF-1 or growth hormone in pathologic states of the
heart [27, 28]. IGF-1 overexpression in transgenic
mice has previously been shown to inhibit both my-
ocyte apoptosis in the surviving myocardium after
infarction [29] and myocyte necrosis after nonoc-
clusive coronary artery constriction [30]. Interfer-
ence with cell death improves cardiac anatomy and
decreases diastolic wall stress in both situations.
However, these beneficial effects are not accompa-
nied by a corresponding amelioration in ventric-
ular hemodynamics, possibly due to the presence
of large infarcts and restriction in coronary perfu-
sion, respectively. Therefore, the therapeutic impact
of IGF-1 on the diseased heart remains unclear. In
the diabetic heart, however, IGF-1 overexpression
affects the level of activation of myocyte death and

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 16 Cardiac stem cells and diabetic cardiomyopathy 167

Figure 16.3 Oxidative damage and proliferation in CPCs.
(A and B) Generation of 8-OH-deoxyguanosine (8-OH-dG)
(yellow dots in the nuclei) in c-kit-positive CPCs (green;
arrowheads) and myocytes (red; myosin heavy chain

labeling) of control (A) and diabetic (B) mice. (C and D)
BrdU incorporation (white dots in the nuclei) in clonogenic
c-kit-positive (green) CPCs cultured in the absence (C) and
in the presence (D) of IGF-1.

preserves ventricular performance (see also Chap
15). Myocyte death has been questioned as an etio-
logical factor capable of inducing functional alter-
ations. Cell death has been claimed to be an epiphe-
nomenon that has little influence on the onset and
evolution of cardiac failure. Recent data in diabetic
nontransgenic and IGF-1 transgenic mice challenge
this contention.

IGF-1 protects CPCs and myocytes from both
apoptotic and necrotic cell death under a variety of
pathologic conditions in vivo and in vitro. Impor-
tantly, IGF-1 interferes with the up-regulation of the
cardiac RAS, attenuating the impact of Ang II on cell
death. The decrease in Ang II synthesis induced by
IGF-1 may limit the production of ROS, and thereby
the activation of cell death mechanisms. Moreover,
IGF-1 increases the expression of Bcl-2 and de-

creases the expression of Bax by affecting p53 sta-
bility and function. The enhanced quantity of Bcl-2
and the reduced amount of Bax in myocytes overex-
pressing IGF-1 provide additional bases for the an-
tiapoptotic and antinecrotic effects of this growth
factor. For these reasons, IGF-1 opposes or delays
the development of diabetic cardiomyopathy. In the
presence of IGF-1, ROS formation is only moder-
ately increased and modest levels of myocyte apop-
tosis have been detected. Because of this negative in-
fluence of IGF-1 on p53 function, local RAS, Ang II
production, oxidative stress, and myocyte death, no
appreciable alterations in ventricular hemodynam-
ics are found in IGF-1 transgenic mice at 7 and 30
days after streptozotocin administration [4]. IGF-1
does not interfere with p53 glycosylation but en-
hances the expression of the p53-inducible gene
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Mdm2 by up-regulating Akt and Akt-dependent
phosphorylation of the N-terminus of p53. The for-
mation of p53-Mdm2 inactive complexes leads to
a decreased synthesis of Ang II, reduced oxidative
stress, and cell death. This mechanism of action of
IGF-1 is operative chronically with diabetes, pro-
viding long-term beneficial effects on the diabetic
heart.

The increase in local Ang II formation in the
diabetic heart can be expected to increase cytoso-
lic Ca2+ concentration. Defects in Ca2+ homeosta-
sis occur in cardiac myocytes with diabetes, and
nanomolar doses of Ang II have been shown to
increase Ca2+in these cells [19]. The elevation in
intracellular Ca2+ shortly after Ang II stimulation
is required for Ang II-mediated myocyte death. It
is noteworthy that Ang II leads to the generation of
ROS in myocytes, and this action is blocked by the
Ca2+ chelator BAPTA/AM. Additionally, myocytes
isolated from diabetic mice exhibit high levels of
ROS, and this phenomenon is inhibited by losar-
tan or tiron, documenting once more that Ang II
and reactive O2 are tightly linked in diabetes. It is
unclear whether IGF-1 operates at the level of the
mitochondria where ROS are generated. Without
doubt, IGF-1 operates proximally at the level of the
activation of p53 and Ang II synthesis [4]. By these
actions, IGF-1 attenuates the induction of ROS
with diabetes, protecting the heart from oxidative
stress.

IGF-1 is mitogenic and antiapoptotic and is nec-
essary for stem cell growth. CPCs possess IGF-1
receptors on their plasma membrane and are ca-
pable of synthesizing IGF-1. Thus, all the compo-
nents of a cellular IGF-1/IGF-1 receptor system are
present in CPCs, and IGF-1 protects CPC viabil-
ity and enhances their growth in the intact and in-
farcted heart [31]. Importantly, IGF-1 opposes or
delays the onset of the senescent phenotype in CPCs
[32]. Diabetic cardiomyopathy may be viewed as a
ROS-dependent myopathy in which cell loss ini-
tially produces moderate ventricular dysfunction
and chronically leads to a severely decompensated
heart. IGF-1 protects the myocardium from the
detrimental effects of diabetes by attenuating Ang
II synthesis and thus reactive O2 damage and, ul-
timately, cell death. Whether the protective role of
IGF-1 in diabetes persists over long periods remains
an important unanswered question.

Conclusions

These observations point to the possibility that the
imbalance between cardiac cell death and cell regen-
eration characterizes the diabetic heart. The death
of mature myocytes, SMCs, and ECs is the initiat-
ing factor but the progression of the diabetic my-
opathy is mediated by premature cellular aging and
the death of CPCs. The loss of CPCs favors cellu-
lar senescence and may promote a shift in the pat-
tern of cell death from apoptosis to necrosis within
the myocardium. Accumulation of old cells and cell
necrosis alter the orderly organization of myocardial
structure, depressing cardiac performance. Cellular
senescence and attrition of the pool size of function-
ally competent CPCs lead to an insufficient replace-
ment of old, dying cells and the acquisition of the
heart senescent phenotype. Therefore, the diabetic
cardiomyopathy can be viewed as a stem cell my-
opathy in which a defective stem cell compartment
causes premature aging and the death of myocytes,
SMCs, and ECs.
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17 CHAPTER 17

Stem cells and cardiac aging

Roberto Bolli, MD, & Piero Anversa, MD

Introduction

This chapter addresses the interaction between car-
diac aging and ischemic heart disease. Cardiac aging
and myocardial infarction have been chosen as pri-
mary targets because myocardial infarction is a fre-
quent occurrence in the elderly and one of the major
causes of death in this population. Additionally, ag-
ing and ischemic cardiomyopathy are characterized
by forms of structural damage that are common to
almost all cardiac diseases. The recognition that the
mammalian heart contains primitive undifferenti-
ated cells with the properties of stem cells suggests
that novel strategies may be developed to interfere
with the detrimental effects of aging alone and ag-
ing and ischemic injury together. The identification
of a pluripotent cardiac stem cell (CSC) impels a
reevaluation of the possible interventions that can
repair the myocardium damaged by a physiologi-
cal stress, such as age, a pathological stress, such
as infarction, or their combination. Myocardial in-
farction consists of a segmental loss of ventricular
tissue that leads to scarring of a significant portion
of the wall. Advanced age is typically associated with
multiple sites of injury, which appear as areas of my-
ocardial loss in various phases of healing, scattered
throughout the ventricular wall. These two aspects
of cardiac damage coexist in ischemic cardiomyopa-
thy, while foci of reparative fibrosis and interstitial
fibrosis prevail in the aging heart.

A relevant question is whether myocardial re-
generation by CSCs can replace large amounts of
scarred tissue, leading to reverse remodeling of
the aged infarcted heart. Old CSCs may be less
efficient than young cells, markedly affecting the
growth reserve of the senescent heart. However,
residual CSC replication and differentiation could

enhance myocyte turnover and replace old, en-
larged, poorly contracting cells with smaller, more
numerous younger myocytes. Thus, this remain-
ing pool of functionally competent primitive cells
might be capable of restoring partly infarcted my-
ocardium. Cell renewal is expected to include both
smooth muscle cells and endothelial cells generating
younger coronary vessels. However, the actual de-
gree of myocardial repair that can be accomplished
in the old decompensated heart is currently un-
known. The old heart is faced with growth limi-
tations, and the structural outcome would be an
increase in myocyte heterogeneity with a larger pop-
ulation of markedly hypertrophied senescent my-
ocytes and a smaller population of middle-aged
and young, newly formed cells. A comparable phe-
nomenon would be expected to involve the various
segments of the coronary vasculature with a de-
crease in the number of resistance arterioles and
capillary profiles.

Although this may be seen as an oversimplifica-
tion of a very complex problem, this notion is con-
sistent with the view that myocardial aging results
from replicative senescence of CSCs. The assump-
tion that growth arrest of CSCs is equivalent to car-
diac senescence provides a unique and novel param-
eter that can be measured to assess the consequences
of aging alone and age and ischemic injury together
on the heart. Importantly, this approach may al-
low us to identify premature or delayed myocardial
aging. An early entry of CSCs into a permanently
quiescent state would produce precocious senes-
cence of myocytes, vascular smooth muscle cells
and endothelial cells. Apoptotic death is enhanced
in old cells and this factor, coupled with inadequate
cell regeneration, would contribute to ventricular
dysfunction. Conversely, late acquisition of growth
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arrest by CSCs would delay cardiac aging and pre-
serve cardiac function.

The aging heart

Although myocardial aging in humans has been
studied extensively, the possibility that an aging car-
diomypathy can develop in the elderly remains a
controversial concept [1]. The selection of patients
has always been based on the chronological age of
otherwise healthy individuals, paying little attention
to the fact that chronological age and physical age do
not necessarily coincide, and organism and organ
age do not proceed at the same pace [2]. In general,
there is little appreciation for these unpredictable
factors, and currently aged patients with cardiac de-
compensation are diagnosed according to classified
diseases, excluding the possibility that aging per se
can be the etiology of the pathological condition.
In this regard, efforts have been made to determine
whether aging alone results in a dilated myopathy
with characteristics different from idiopathic di-
lated cardiomyopathy (IDC). Several criteria have
been used to distinguish these two disease states
[3]. The aged decompensated heart demonstrates a
moderate increase in ventricular mass; however, the
thickness of the posterior wall of the left ventricle
and interventricular septum is within the normal
range. Conversely, severe hypertrophy is detected
with IDC (Table 17.1). Additionally, the aging my-
opathy becomes apparent in individuals 70 years
old and older, an age unusual for IDC. Ventricular
dilation and overt left and right ventricular failure

are present in both groups of patients. However,
coronary angiography is normal and valvular ab-
normalities are absent. The diagnosis of IDC and
aging myopathy requires that the syndrome not be
explained by hypertension, ischemic heart disease,
diabetes mellitus, systemic disorders, or a history of
drug or alcohol abuse. Observations from animal
studies are consistent with these human findings;
aging in rodents typically produces a dilated myopa-
thy that develops over time, leading to a progressive
alteration in cardiac performance [4]. Thus, my-
ocardial aging differs from IDC; it develops at an
older age and shows modest cardiac hypertrophy,
supporting the notion of an independent form of
cardiac disease in the elderly.

The changes in the size and shape of the old heart
are coupled with modifications in the volume com-
position of the myocardium and the number of car-
diomyocytes within the ventricular wall. Early after
birth, during the transition from postnatal life to
adulthood, there is a well-coordinated growth adap-
tation of myocytes, the coronary vasculature, and
the microvasculature, including the capillary net-
work. This proportional physiological growth is lost
in pathologic hypertrophy, which is characterized
by sustained pressure or volume overload on the
heart. A similar abnormality develops in the aging
myocardium, mimicking decompensated ventric-
ular hypertrophy [5]. Previous studies in humans
have provided convincing evidence in men, but sur-
prising results in women [6]. The loss of myocytes,
arterioles, and capillaries was noted in the old male
heart in both humans and animals [5], but not in

Table 17.1 Aging myopathy.

Control Aging

hearts myopathy IDC Normal range

Age (years) 76 ± 4 73 ± 2 61 ± 4

Duration of disease (months) N/A 20 ± 9 90 ± 61

LV weight (g) 155 ± 28 277 ± 53 394 ± 116 140–210

LVPT (mm) 9.3 ± 0.8 9.8 ± 1.2 11.3 ± 2.0 6–11

IVST (mm) 9.7 ± 0.8 10.4 ± 1.8 12.4 ± 0.23 6–11

LVEDD (mm) 47 ± 4 63 ± 7 75 ± 11 34–52

Ejection fraction (%) 57 ± 3 27 ± 6 24 ± 4 >50

IDC = idiopathic dilated cardiomyopathy; LV = left ventricle; LVPT = left ventricular posterior wall
thickness; IVST = interventricular septum thickness; LVEDD = left ventricular end-diastolic diameter;
N/A = not applicable.
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young, middle-aged, or old women. New findings,
however, suggest that a similar phenomenon occurs
in the senescent female heart (Anversa P unpub-
lished results). However, myocyte death takes place
in women very late in life. Relative to men, the pro-
cess in women is delayed by nearly 10 years.

The mechanisms responsible for the develop-
ment of the aging myopathy in humans are cur-
rently unknown. Myocyte apoptosis and necrosis
are evident in young mice and rats and increase
with age [5, 7]. Foci of replacement fibrosis and
diffuse interstitial fibrosis are frequent and affect
mostly the inner layer of the left ventricle, although
they are also present in the midmyocardium and
epimyocardium. Myocyte hypertrophy and repli-
cation tend to preserve muscle mass and function,
which ultimately deteriorates in the old animals [8].
With time, myocyte division becomes the prevailing
form of reactive growth, while myocyte hypertro-
phy declines [9, 10]. Myocyte multiplication, how-
ever, is not sufficient to sustain an appropriate cell
number. Subsequent cavitary dilation, with a de-
creased ventricular mass-to-chamber volume ratio,
an elevation in wall stress, and impairment of the
mechanical behavior of myocytes become apparent,
and cardiac failure supervenes.

Aging and myocardial infarction

Coronary artery disease and age are two of the ma-
jor causes of morbidity and mortality in the West-
ern world and in the United States in particular.
Myocardial infarction is a frequent event in the old
population where it has been shown to have more
devastating consequences than those seen in young
individuals [11]. Recently, we have documented that
myocyte regeneration takes place immediately af-
ter an acute infarction in humans, but is restricted
to the infarct border zone and the distant viable
tissue, occasionally invading the dead myocardium
[12]. This form of cell growth does not interfere
with the healing process, scar formation, and the
development of an ischemic myopathy. Similarly,
in the old heart, myocyte multiplication occurs in
proximity to areas of tissue damage or in the intact
healthy myocardium. Myocyte proliferation is not
sufficient to replace the foci of collagen accumula-
tion or to prevent cavitary dilation and the decline
in pump performance of the senescent heart.

Over the last two decades, the origin of the multi-
plying myocytes had remained a major unresolved
problem, but the recent recognition of primitive and
progenitor cells in the adult human heart under
normal conditions as well as in the pressure over-
loaded, aged, and infarcted human heart has shed
some light on the possible source of these growing
cells [13]. CSCs may undergo lineage commitment
and during division progressively acquire structural
proteins reaching functional competence. The ac-
cumulation of contractile and noncontractile ele-
ments within the cytoplasm leads to the adult my-
ocyte phenotype and growth arrest. Multiplication
is no longer possible, and these myocytes can expe-
rience only cellular hypertrophy. However, a group
of young, relatively small cells does not reach com-
plete differentiation, retaining the ability to undergo
a finite number of divisions. The identification of
telomerase in small cycling myocytes points to the
presence of amplifying cells developed from CSCs.
Amplifying myocytes may constitute a growth re-
serve of the heart, set aside for use in time of
need. In emergency situations, these cells can reen-
ter the cell cycle, rapidly replicate, and significantly
increase the number of working myocytes. These
growth processes are limited mostly to the viable
myocardium.

To repair the acutely infarcted aged heart, it is nec-
essary to address three distinct types of structural
damage: (1) the infarct, in which cells are apoptotic
and/or necrotic; (2) the noninfarcted old ventricle,
in which there are foci of scarred tissue and areas of
injury in various phases of healing; and (3) diffuse
interstitial fibrosis. Chronically, the infarcted region
is replaced by a large scar, which would make recon-
stitution of the ventricle more difficult. The old,
spared myocardium possesses the same character-
istics indicated in points 2 and 3. The question then
concerns the modality of intervention, the cells to be
employed for cardiac repair, the ability of these cells
to grow and differentiate, and their long-term des-
tiny. These are critical issues because the cells used
so far in a variety of experiments have not been
proven to become adult myocytes [14]. Similarly,
the lifespan of newly formed cells in the regenerating
myocardium is unknown. Moreover, the induction
of angiogenesis is as important as myocyte repli-
cation. Successful repair requires reconstitution of
the myocardium and, therefore, new parenchymal
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cells and coronary vessels, which are functionally
competent and express the adult phenotype.

Primitive and early committed cells accumulate
acutely in the region bordering the infarct [12]. Af-
ter homing, these cells grow and differentiate in new
myocytes and coronary vessels. However, a block
exists at the sharply defined boundary that sep-
arates the viable myocardium of the border zone
from the dead tissue of the infarct. CSCs, progeni-
tors, and precursors do not cross this boundary, and
thus their translocation to the dead myocardium is
impeded. Such an obstruction hampers the recon-
stitution of infarcted myocardium and the recov-
ery of function. This phenomenon is of great clin-
ical relevance because it is also operative in other
infarcted organs including the liver, skin, brain,
kidney, and testis [13]. Consequently, therapeutic
strategies need to be directed to the activation of ex-
ogenously administered or resident primitive cells
to facilitate their survival, movement, and success-
ful competition with the inflammatory cells and
fibroblasts present within the infarct. If these ap-
proaches were effective, the healing process could be
modified. Ultimately, the dead tissue might be re-
placed by a newly formed functioning myocardium.

Aging, oxidative stress, and
cell death

A common aspect of both the chronically infarcted
heart and myocardial aging is apoptotic death of
CSCs [3, 12], which affects the growth reserve of the
myocardium and its ability to expand and counter-
act the abnormal increase in mechanical load. Ob-
servations in animals and humans strongly suggest
that alterations in the formation of reactive oxy-
gen species (ROS) may play an important role in
the progression of the aging myopathy and the ter-
minal evolution of the old infarcted heart. Aging
and/or pathological stresses result in an exponential
increase in oxidative stress [15], and different levels
of ROS trigger apoptosis and necrosis [16]. ROS can
cause cumulative damage to proteins, lipids, and
nucleic acids, particularly in cells with regenerative
potential, a typical characteristic of CSCs. DNA oxi-
dation leads to single and double DNA strand breaks
[3, 12, 17].

Oxidative injury is inherent in the atomic struc-
ture of O2. By single electron additions, molecu-
lar oxygen sequentially generates superoxide anion

(O•−
2 ), hydrogen peroxide (H2O2), and the hydroxyl

radical (�OH). O•−
2 and H2O2 are only moderately

reactive with other molecules, but �OH is highly
reactive and causes extensive oxidative damage to
macromolecules. �OH can be responsible for most
of the damage induced by ROS in biological sys-
tems [18]. Oxidative stress is also dependent on the
interaction of nitric oxide (NO), generated in the
endothelium, with O•−

2 and the formation of per-
oxynitrite (ONOO)•− [19]. ONOO− may decom-
pose into an oxidant with reactivity similar to �OH.
Depending on the levels of O•−

2 , NO production
may decrease or enhance cell death in the vessel wall
[20], adjacent myocytes [21], fibroblasts, or CSCs
[3, 12].

Probes are available for the identification of H2O2

and �OH together and O•−
2 in living cells. How-

ever, in tissue sections the analysis of H2O2-�OH
and O•−

2 is impossible. It is also impossible to mea-
sure ONOO− in individual cells or tissue samples.
However, ONOO− interacts with proteins forming
nitrotyrosine, which can be detected on a cellular
basis. There is no documentation yet that ONOO−

leads to DNA lesions and cell death, but results sup-
porting this interaction have been obtained both in
the failing dog heart [22] and in myocardial biopsies
of diabetic patients [23]. The percentage of cardiac
cells exhibiting nitrotyrosine increases in the ca-
nine decompensated heart and in the diabetic hu-
man heart, and this modified amino acid is closely
linked with cell apoptosis. Additionally, the impact
of ROS on DNA damage can be identified in tissue
sections by the 8-OH-deoxyguanosine (8-OH-dG)
probe, which recognizes O•−

2 -mediated nucleotide
injury. This type of DNA damage has been demon-
strated in the myocardium of patients after acute
and chronic infarcts [12].

DNA is extremely sensitive to ROS-induced dam-
age. Of the four DNA bases, guanine is the most
sensitive to ROS-induced damage. The hydroxyla-
tion of the C-8 position of 2′-deoxyguanosine re-
sults in the formation of 8-OH-dG, which is the
most prominent form of free radical-induced DNA
injury [24]. Other dG modifications having signifi-
cant effects on DNA may occur as well; they include
formamidopyrimidine, imidazole, oxaluric acid,
oxalozone, cyanuric acid, guanidinohydantoin,
spiroiminodihydantoin 1, and spiroiminodihydan-
toin 2. While accumulating �OH attacks DNA,
leading to the formation of 8-OH-dG, other forms
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Figure 17.1 ROS and CSC apoptosis.
(A–D) 8-OH-dG probe (A and C; white
dots) was detected in c-kit- (A and B;
green) and MDR1- (C and D; magenta)
positive cells in the human myocardium
in combination with apoptosis (B and D;
hairpin 1, yellow dots). (E and F)
Clonogenic c-kit-positive rat CSCs were
cultured in the presence of low Ca2+ (E;
0.3 mM) and high Ca2+ (F; 3 mM)
concentration. The formation of
superoxide anion in mitochondria was
detected by MitoSox Red (shown by
magenta fluorescence). The signal of
the oxidized probe in the cytoplasm and
nuclei was markedly increased in the
presence of high Ca2+ levels. Nuclei are
shown by Hoechst 33432 (blue). (G and
H) Clonogenic c-kit-positive (green) rat
CSCs were cultured in the presence (H)
and absence (G) of H2O2 (1 mM).
Oxidative stress resulted in the
activation of caspase-3 (H; white,
arrowheads). Nuclei are shown by
propidium iodide (blue).

of ROS are also implicated. Lipid hydroperoxides
or lipid alkoxyl radicals contribute to the genera-
tion of 8-OH-dG under glutathione depletion [25].
The DNA repair machinery is able to excise these
oxidized bases in the genomic DNA, but prolonged
oxidative insults will cause it to accumulate. Thus,
the presence of 8-OH-dG is a sensitive marker of
ROS-induced DNA damage both in vitro and in vivo;
notably, 8-OH-dG has been detected in c-kit- and
MDR1-positive cells of the human myocardium to-
gether with apoptosis (Figure 17.1).

Mitochondria constitute the cellular site with the
highest formation of ROS. Mitochondria reduce O2

to H2O via a 4-electron transfer by cytochrome c

oxidase. Approximately 2–4% of the total O2 con-
sumed is not reduced to H2O but to O•−

2 by the
iron–sulfur proteins and by coenzyme Q. The rate
of mitochondrial respiration and, therefore, the rate
of O•−

2 generation are modulated by the coupling
state of mitochondria. An increase in cytosolic Ca2+

leads to an excess uptake of this cation, enhancing
respiration, oxygen utilization, and O•−

2 generation.
Ca2+ loaded mitochondria produce H2O2 and lipid
peroxides. Alterations in Ca2+ and mitochondrial
respiration occur with aging [26], potentiating the
production of O•−

2 and H2O2. Cytochrome c oxidase
decreases and this correlates with the concomitant
increase in the flux of mitochondrial O•−

2 and H2O2.
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Similarly, antioxidant enzymes decrease in the ag-
ing heart. The mitochondrial function of primitive
cells in young and old myocardium is unknown, but
aged CSCs may have alterations of their mitochon-
drial compartment and enhanced susceptibility to
death stimuli (Figure 17.1).

Cell death initiated by oxidative stress has been
suggested to be the cause of the development of the
aging myopathy. DNA damage generated by ROS
may stimulate the autoproteolytic cleavage of p53.
With double strand DNA breaks, N-terminal cleav-
age of p53 takes place and p50 (�N) is formed.
p50 (�N) activates p53 target genes and promotes
apoptosis. Conversely, cleavage of the C-terminus of
p53 is coupled with single DNA strand breaks and
the formation of p50 (�C). This fragment of p53
favors growth arrest in G1 and DNA repair [27].
The C-terminus of p53 is critical for the onset of
apoptosis; its removal attenuates the apoptotic ef-
fect of this tumor suppressor gene [22, 28]. Addi-
tionally, p50 (�N) is not inhibited by Mdm2, while
p50 (�C) can form p50 (�C)-Mdm2 inactive com-
plexes. p53 might be directly involved in the initia-
tion of irreversible DNA damage and death of CSCs.
p50 (�C) and p50 (�N) proteins are apparent in
primitive cardiac cells collected from old animals;
p50 (�N) is higher than p50 (�C). High levels of
ROS have been implicated in cell necrosis [16]. This
form of cell death does not require the cleavage of
p53 and the effects of p53 fragments on DNA strand
breaks (Figure 17.2). The magnitude of oxidative
stress may be so large that membrane integrity is
lost, mitochondrial function is impaired, lysosomal
proteases and nucleases are released, and nucleoso-
mal and internucleosomal DNA are damaged.

Apoptosis involves the activation of caspases,
which are aspartic acid specific cysteine proteases.
They are present as inactive proenzymes and their
activation requires proteolytic cleavage. Two major
pathways of apoptosis have been identified [29]. The
extrinsic pathway is triggered by proteins containing
death domains, such as TNF and Fas, which interact
on the cell surface with death effector domains, such
as receptor-like structures. In the intrinsic path-
way, cytochrome c, released from the intermem-
brane space of the mitochondria, binds the caspase-
activating protein Apaf-1, which, in turn, stimulates
procaspase-9, promoting its activation. Once acti-
vated, caspase-9 cleaves and activates procaspase-3

mitochondria

mitochondria

Effector Pathway 1

Effector Pathway 2

DNA damage

DNA damage

p53 p50(∆N)

increase
Bax

endonuclease
activation

increase
∆Ψ
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caspase-9
release

caspase-3

procaspase-3

ROS
cell

necrosis

cell
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cell
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cell
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ROS
formation

procaspase-3

caspase-3

endonuclease
activation

Figure 17.2 Apoptosis effector pathways.

(Figure 17.1), resulting in a cascade of additional
caspase activation. Caspase-9 is the apical caspase
in the cytochrome c pathway for apoptosis and is
located in the intermembranous compartment of
mitochondria of several cells including myocytes.
The unique localization of this enzyme suggests that
loss of mitochondrial barrier function needs to oc-
cur for this caspase to have access to its substrate
[29]. Bcl-2 and Bcl-xL can inhibit cytochrome c re-
lease from the mitochondria while Bax can promote
its release.

p50 (�N) can up-regulate Bax and increase mito-
chondrial permeability, which promotes the release
of cytochrome c. However, caspase-3 activation
contributes only to the final disassembly of the cell.
Alternatively, ROS may alter mitochondrial mem-
brane potential (��). The increase in �� is an
early event of apoptosis. Cells with high �� are
committed to die whereas cells with low �� have
the ability to escape from apoptosis [30]. �� can
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activate caspase-3 via a mechanism that is currently
unknown but could involve the release of caspase-9,
independently from cytochrome c [31]. The main
difference between these pathways is the distinct
role played by caspases in the apoptotic process. In
pathway 1, caspases are secondary events, while in
pathway 2, caspases play a critical role in cell death
(Figure 17.2). Results obtained in myocytes from
com pensated and decompensated hearts suggest
that the effector pathway 1 prevails in the fail-
ing heart, where cytochrome c release and both
procaspase-9 and procaspase-3 activities are in-
creased [22].

In humans with a premature aging myopathy,
CSC death by apoptosis is significantly increased
[3]. In these patients, apoptosis of c-kit-positive
cells is coupled with the expression of p16INK4a,
which is an established marker of cellular senescence
[32]. p16INK4a inhibits cyclin-dependent kinase-4
and -6, opposing the reentry of cells into the cell cy-
cle by inducing their arrest in early G0–G1 [32].
This form of growth arrest is irreversible since
p16INK4a forms highly stable binary complexes with
cyclin-dependent kinases. This is not the case when
cells are blocked in G1 by p21Cip1. This transient
growth arrest allows the cells to repair the DNA
and progress through the cell cycle. This is made
possible by the physical characteristics of the p21-
cyclin-dependent kinase complex, which can be eas-
ily dissociated by nuclear accumulation of cyclins.
Typically, aging fibroblasts are stopped in G0–G1 by
transient expression of p21Cip1, followed by a tem-
porary up-regulation of p27Kip1 and then by persis-
tent elevation of p16INK4a. A similar phenomenon
occurs in aging mouse myocytes in which the pro-
gressive decrease of p21Cip1 expression is coupled
with increased quantity of p16INK4a and p27Kip1

[33]. Together, these observations point to a link
between ROS, on the one hand, and cellular aging
and death, on the other.

Cellular senescence

Replicative senescence describes the phenotype of
cells that have experienced multiple rounds of divi-
sion and have reached growth arrest. The Hayflick
limit is dictated by specific changes in specialized
cell cycle proteins [34]. The difficulty in the appli-
cation of this in vitro finding to the in vivo condition

has led to a heated controversy, and questions have
been raised concerning the validity of this biological
process. The possibility that the loss of proliferative
capacity may result from “culture shock” and not
from a “mitotic clock” has been suggested and the
notion of replicative senescence has been challenged
[35]. Confusion in the field was potentiated by con-
flicting results obtained from the studies of dermal
fibroblasts and epidermal keratinocytes in vivo [36].
Although a progressive accumulation of senescent
cells occurs in the skin of old individuals, cutaneous
biopsies collected from the same patients at different
ages failed to confirm the original observation [37].

A major obstacle encountered in the assessment
of cellular senescence in vitro and in vivo relates to
the selection of specific biomarkers of cellular ag-
ing. In fact, senescent cells cannot be distinguished
from quiescent or terminally differentiated cells ar-
rested in G1. One of the earliest biologic markers
employed for the in vivo evaluation of replicative
senescence involved the cytoplasmic accumulation
of beta-galactosidase (β-Gal), which is detected at
a pH of 6 [38]. This enzyme is present in senescent
fibroblasts and keratinocytes, but is not found in
quiescent fibroblasts and terminally differentiated
keratinocytes. It is also absent in immortal cells
but is induced by genetic manipulations that re-
verse immortality. Moreover, an age-dependent in-
crease in senescence-associated β-Gal (SA-β-Gal) is
observed in dermal fibroblasts and epidermal ker-
atinocytes in humans [38]. However, recent reports
have shown that SA-β-Gal increases in low-density
cultures of senescent cells as a function of in vitro
replicative age, not donor age [37]. The level of his-
tochemically detectable SA-β-Gal is also elevated in
immortal fibroblasts at high cell density and in low-
density cultures of young cells exposed to H2O2.
Thus, SA-β-Gal may be an indicator of cellular stress
more than senescence.

To date, the most reliable marker of cellular
senescence is the modifications of the telomerase–
telomere axis together with the expression of the
cell cycle inhibitors p16INK4a and p53 [39]. Telom-
erase activity is present in the normal adult human
heart and is increased in myocardial hypertrophy
[40] and premature myocardial aging [3]. This
ribonucleoprotein, however, does not necessar-
ily prevent telomere erosion; severe telomeric
shortening has been detected in both myocytes
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and CSCs [3, 41]. These observations are consis-
tent with results obtained in hematopoietic stem
cells (HSCs). HSCs express low to moderate levels
of telomerase, but telomeres shorten considerably
with age [42]. Two possibilities have been proposed
in an attempt to explain telomeric shortening in the
presence of detectable telomerase activity: a sup-
pressor of telomerase function may be stimulated
during the cell cycle or a competition may occur
between the reassembly of telomeric chromatin and
the extension of telomeres by telomerase [42]. In
HSCs, telomere shortening occurs at a rate of 50–
100 base pairs per population doublings (bp/pd),
which is only slightly lower than the 50–150 bp/pd
rate, characteristic of telomerase-negative cells [43].
It is reasonable to assume that the aging effects on
CSCs lead to an imbalance between telomerase ac-
tivity and length of telomeres, resulting in critical
telomeric shortening, permanent withdrawal from
the cell cycle, and CSC senescence.

DNA damage and the expression of proteins
blocking the cell cycle increase in stem cells with
age, reducing the pool of functionally competent
cells [44]. This notion seems to contradict the defi-
nition of stem cells. According to traditional views,
stem cells possess an unlimited self-renewal capac-
ity, which exceeds the lifespan of the organ and or-
ganism. However, this is not the case in the bone
marrow [44] and in the heart [3]. CSC aging me-
diated by telomeric shortening triggers the expres-
sion of several gene products, which interfere with
the cell cycle but mostly with the G1–S transition.
The typical marker of cellular senescence p16INK4a

is identified in old CSCs. DNA damage produced by
telomere erosion up-regulates p53, which together
with p16INK4a represents the molecular phenotype
of aged CSCs. Primitive cells positive for p16INK4a

have been detected in the heart of patients with car-
diac decompensation and signs of precocious organ
aging (Figure 17.3). Apoptosis of c-kit-positive un-
differentiated cells is very high in these aged hearts
and is consistently associated with the expression
of p16INK4a[3, 12, 40]. As in the bone marrow [45],
the fraction of cycling putative CSCs is increased,
suggesting that activated primitive cells undergo a
limited number of doubling and then reach cellular
senescence and growth arrest.

Telomere function is modulated by specific
telomere proteins that participate in the prevention

of end-to-end fusion of chromosomes [46]. The two
telomeric related factors TRF1 and TRF2 bind pref-
erentially to the DNA sequence located at the junc-
tion between the telomeric repeat sequence and the
G-strand overhang. Alterations in the binding of
TRF1 and TRF2 to DNA occur during cellular senes-
cence [47], and deletion of TRF proteins induces
premature senescence in murine and human cells
by activating the p53 and p16INK4a pathways, which
lead to growth arrest and cell death. Accumulation
of G-rich single-stranded DNA fragments, together
with attenuation in the expression of TRF1 and
TRF2, leads to erosion of telomeres and chromo-
somal instability [48], possibly promoting the for-
mation of intercellular anaphase bridges. Decreased
expression of several telomere-associated proteins
has been found in the CSCs of senescent animals
and in the human decompensated heart [4, 12].

The average telomeric length provides informa-
tion on the replicative history of the cell. However,
this value cannot be interpreted in terms of the
growth reserve of the cell and its ability to divide
further in the future. The shortest telomere, and
not the average telomeric length, is critical for cell
viability and chromosome integrity [49]. Similarly,
the fate of a CSC may be linked to the shortest telom-
ere present in the cell. Loss of DNA sequences and
telomeric shortening do not affect all telomeres ho-
mogeneously. Shortening preferentially occurs in a
fraction of telomeres [50]. CSCs may have compa-
rable mean telomeric lengths but exhibit significant
differences in the length of individual telomeres.

Conclusions

The adult heart is largely composed of terminally
differentiated myocytes. Damaged and old units of
this highly specialized compartment of contracting
cells are constantly replaced by new, younger ele-
ments. The heart is, in fact, a dynamic organ where
myocyte death and growth are tightly regulated to
maintain physiologic homeostasis. Mitosis and cy-
tokinesis have been recognized in mature myocytes
and in poorly differentiated cells with a thin subsar-
colemmal halo of myofibrils, in combination with
telomerase activity. These in vivo findings, together
with observations in vitro, indicate that replicating
myocytes are transient amplifying cells derived from
lineage commitment of CSCs. Thus, the heart is a
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Figure 17.3 Telomere length and p16INK4a activation in
normal (A–C) and aged (D–F) failing human hearts.
Telomere labeling (A and D; magenta dots) and

localization of p16INK4a (B and E; green) in myocyte (C and
F; red, α-sarcomeric actin) nuclei. (Adapted from [3].)

self-renewing organ in which the ability to replen-
ish cells is maintained by the existence of a stem cell
compartment, which is responsible, when abnor-
mal, for myocardial aging and heart failure.
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Bioengineered scaffolds: myocytes,
endothelial cells and cardiac repair

Vincent F.M. Segers, MD, & Richard T. Lee, MD

Introduction

A substantial effort in cardiac regeneration research
has focused on identifying suitable cell types for re-
placing lost cardiomyocytes and the proliferation
and differentiation capabilities of those cells. The
rationale behind this research is that the lack of
spontaneous cardiac regeneration after myocardial
infarction is due to cardiomyocyte terminal differ-
entiation and inability to proliferate, coupled with
inadequate availability of progenitor cells capable of
forming new cardiomyocytes. Supplementing the
damaged heart with progenitor cells or another
source of cardiomyocytes is a logical option follow-
ing this rationale.

However, the vast majority of cells implanted
in the myocardium do not survive [1], and those
that do survive do not fully integrate into the my-
ocardium as functional cardiomyocytes or endothe-
lial cells, failing to couple electrically or mechani-
cally with remaining myocardium [2]. Some cell
types are likely to integrate better than others; how-
ever, whichever cell type is selected for implanta-
tion into infarcted or injured myocardium will en-
counter a relatively hostile local environment. As
such, one plausible explanation for the failure of
mammalian cardiac regeneration could be that al-
though progenitor cells are available in sufficient
numbers in the heart, regeneration fails because of
a cell-unfriendly microenvironment after myocar-
dial infarction. Thus, to achieve the full potential of
cardiac regeneration, we will likely need methods
that control the environment into which stem cells
are delivered.

Healthy tissue can be considered comprising
three dynamic components: (i) cells, (ii) the extra-
cellular matrix (natural scaffold), and (iii) factors
such as growth factors that signal to cells. Success-
ful cardiac regeneration therapy will require con-
sideration of all three components and may not
be enabled by injection of one cell type alone.
Newly formed cells require an extracellular envi-
ronment providing growth factors, nutrients, me-
chanical support, and physiological integration in
order to contribute to pump function of the heart.
Controlling the microenvironment of transplanted
cells is challenging, but might be accomplished by
bioengineered scaffolds made from modern bio-
materials. A traditional definition of biomaterials
is that a biomaterial is a nonliving substance used
in a medical device, like a joint prosthesis. But
the technology of biomaterials has evolved, and
the modern definition now includes bioactive sub-
stances that are designed to control the biologi-
cal behavior of cells and tissues. More than sim-
ply being compatible with the host and serving a
structural role, biomaterials can now instruct cells
through microenvironmental cues. Thus, one way
to define tissue engineering is that “tissue engi-
neering is the persuasion of the body to heal it-
self through the delivery, to the appropriate site, of
cells, biomolecules and/or supporting structures”
[3]. In this chapter, we will consider endothelial
cells and fibroblasts as supporting cell types for
cardiac tissue engineering. We will summarize the
recent progress toward cardiac repair with new in-
jectable biomaterials. Key properties for scaffold se-
lection will be discussed, including developments
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in smart materials capable of responding to the
environment.

Importance of endothelial cells
and fibroblasts for preservation
of implanted cells

The structural complexity of the myocardium goes
far beyond the mere viability of cardiomyocytes.
Other cell types like endothelial cells have important
roles in both the embryonic and adult heart. In the
normal mammalian myocardium, every cardiomy-
ocyte is surrounded by a network of capillaries and
cardiomyocytes interact directly with adjacent en-
dothelial cells [4]. Cardiomyocytes depend on en-
dothelial cells not only for blood supply but also for
paracrine signals and growth factors that control
contractility and promote cardiomyocyte organi-
zation and survival.

The most obvious role of endothelial cells in car-
diac regeneration and tissue engineering in gen-
eral is oxygen and nutrient supply by vasculariza-
tion of the newly formed tissue (Figure 18.1A).
Cell constructs that are developed ex vivo usu-
ally lack the vascular network that exists in nor-
mal tissues, and implanted cardiac tissue will likely
be ischemic, at least initially. Therefore, the abil-
ity to support vascularization is one of the most
important requirements for tissue engineering scaf-
folds. This concept also applies to injectable scaf-
folds: cell survival within these scaffolds will de-
pend on recruitment of endothelial cells and new
functional vessels. Some materials support vascu-
larization more readily than others. Self-assembling
peptides are short peptides that can form a solid
scaffold within the myocardium after injection. In
many materials including collagen gels and algi-
nate gels, cultured endothelial cells undergo apop-
tosis, while endothelial apoptosis in self-assembling
peptides is less prominent [5]. We showed that
after injection of self-assembling peptides in the
heart, endothelial cells are recruited and form func-
tional vessels within 4 weeks; in the same time
period, few endothelial cells are recruited to the
basement membrane material called matrigel [6].
To support angiogenesis in materials not easily
vascularized, scaffolds can potentially be engi-
neered with angiogenic growth factors. For in-
stance, porous alginate scaffolds containing micro-
spheres loaded with vascular endothelial growth

factor (VEGF) [7] or basic fibroblast growth fac-
tor (FGF-2) [8] show increased vascular density
compared to scaffolds without growth factors when
implanted in hepatic lobes or rat peritoneum, re-
spectively.

The endocardial endothelium plays an important
role in cardiac development [4], but endothelial
cells also regulate myocardial performance in the
adult [4] (Figure 18.1B) through paracrine roles of
cardiac endothelial cells. Endothelial cells can in-
crease inotropy by converting angiotensin I to an-
giotensin II and also by secreting endothelin-1 and
nitric oxide [4]. These physiological observations
are relevant for cardiac regeneration and tissue en-
gineering, as they suggest that vascularization is es-
sential for physiological performance. In fact, engi-
neered heart tissue (EHT) develops a twofold higher
contractile force if generated from an unpurified
cell preparation than that generated from a pure
cardiomyocyte fraction [9]. This suggests that the
noncardiomyocyte fraction of cells must be consid-
ered in strategies for cardiac regeneration.

Cardiac endothelial cells may also provide im-
portant cardiomyocyte survival signals in adult
myocardium, since coculture with endothelial
cells promotes cardiac myocyte survival [10]
(Figure 18.1B). Endocardial and microvascular
endothelial cells produce growth factors such
as platelet-derived growth factors (PDGFs) and
neuregulin that can prevent cardiomyocyte apop-
tosis [11, 12]. We recently showed that PDGF-BB
is an important signaling factor in endothelial–
cardiomyocyte cross talk and that the incorpora-
tion of PDGF-BB in an injectable scaffold decreased
apoptosis and increased cardiac function after my-
ocardial infarction [11]. Endothelial cells also play
a poorly understood role in recruiting and organiz-
ing cardiomyocytes (Figure 18.1C), similar to the
recruiting role of endothelial cells on mural cells
during vasculogenesis. Endothelial cells form typi-
cal vascular networks with capillary-like tubes when
cultured in a three-dimensional scaffold, whereas
cardiomyocytes cultured alone form small islands
of dying cells. However, when both cell types are
cultured together, the endothelial cells form tubu-
lar structures and the cardiomyocytes attach to the
outside of these vascular tubes [10]. These data sug-
gest that endothelial cells promote the assembly of
cardiomyocytes on the capillary endothelial tube ei-
ther by direct physical interaction or by paracrine
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Figure 18.1 Role of endothelial cells in cardiac
regeneration. (A) Endothelial cells play a role in cardiac
regeneration as building blocks of the vasculature, (B)
regulate contractility of cardiomyocytes by secretion of
paracrine factors and influence growth of cardiomyocytes

during embryogenesis, (C) recruit cardiomyocytes and
guide their three-dimensional arrangement in newly
formed myocardium, and (D) promote formation of gap
junctions between cardiomyocytes. No = nitric oxide;
PDGF = platelet-derived growthfactor.

factors. Furthermore, endothelial cells induce for-
mation of gap junctions between cardiomyocytes
[10] (Figure 18.1D). In summary, because of their
paracrine role for growth and contractility and their
role in organization of cardiomyocytes, angiogene-
sis by endothelial cells may be essential for successful
cardiac tissue regeneration.

Cardiac fibroblasts are another important cell
population in the heart, both quantitatively and
qualitatively, but are often regarded as detrimen-
tal since excessive fibrosis is clearly pathological. It
is well known that fibroblasts contribute to passive
mechanical properties by production and organiza-
tion of the collageneous matrix. Just as important,
fibroblasts provide the anisotropic network of ma-
trix that aligns cardiac myocytes in the orientations
crucial for the twisting motion of efficient ventric-
ular function. However, in addition to these struc-
tural roles, fibroblasts may have functional roles in
the myocardium. Fibroblasts can form gap junc-
tions with cardiomyocytes [13], suggesting that they
may play an active role in cardiac electrophysiol-
ogy. Although fibroblasts do not regulate cardiomy-
ocytes in the same manner as endothelial cells, they

might be essential in cardiac tissue engineering and
regeneration because of structural contributions
and their essential roles in maintaining the dynamic
extracellular matrix.

In vitro creation of cardiac tissue

The easiest way to control the microenvironment
of implanted cells is developing constructs in vitro
consisting of cells embedded in three-dimensional
scaffolds. These three-dimensional blocks of tissue
can then be used for surgical implantation to aug-
ment myocardial function, for physiological studies
or for in vitro drug testing. Constructs created in this
manner for cardiac regeneration are often termed
EHTs [9]. The biomaterial scaffold that serves as the
mechanical and biological support for cell growth
and differentiation is a crucial factor in constructing
EHT.

Many attempts at engineering myocardium have
used collagen or matrigel as the scaffold and fetal
or neonatal cardiomyocytes as a cell source. EHTs
can be constructed in different shapes and sizes
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and they display functional and morphological
properties of differentiated cardiac muscle in vitro,
although variability in performance can be substan-
tial. Spontaneous contractions start a few days after
construction, and applying cyclical stretch in order
to mechanically condition the EHT can improve
morphological, functional, and mechanical prop-
erties [14]. EHT contractions are load dependent
[9] and respond to pharmacological stimulation
[14]. Most frequently, EHTs are not colonized by a
pure population of cardiomyocytes, but mixed car-
diac cell populations are used. As noted above, en-
dothelial cells improve survival of cardiomyocytes
within and contractility of EHT [9]. Ex vivo growth
of EHT allows easy addition of growth factors, al-
though the size of EHTs can be limited by oxygen
transport. A substantial barrier to the use of EHT
for clinical therapy is incorporation of these con-
structs in vivo. Implantation studies in rats indicate
that EHT can survive and integrate with the host
myocardium [9], but immunosuppressive therapy
may be required even after syngeneic transplanta-
tion. EHT survival will depend on adequate vascu-
larization and immunological acceptance, and elec-
trical coupling will be required for synchronicity
with native cardiac tissue and electrophysiological
stability. Finally, mechanical and functional inte-
gration should lead to improvement in systolic and
diastolic function, since we do not want to sacri-
fice improvement in one phase of the cardiac cy-
cle for worsening of the other. For these reasons,
EHTs may be most useful not for surgical augmen-
tation in patients, but for drug discovery and in vitro
studies.

Injectable biomaterials

In contrast with ex vivo tissue engineering, cell
therapy generally does not allow control of the lo-
cal cellular environment. However, injectable scaf-
folds can combine advances in materials sciences
and progenitor cell biology to modify the cel-
lular microenvironment in vivo. Ideally, an in-
jectable myocardial scaffold promotes repair after
infarction by providing a matrix support in which
neoangiogenesis takes place readily. A number of
materials meet this requirement. Christman et al.
[15] used a fibrin scaffold – known to be an angio-
genic environment – as an injectable scaffold after

myocardial infarction in rats. Their echocardiog-
raphy studies showed that “fibrin glue” preserved
infarct wall thickness and cardiac function. Further-
more, fibrin glue improved myoblast graft reten-
tion and survival, reduced infarct expansion, and
induced neovascularization in the infarcted my-
ocardium [15]. These findings were supported by
Ryu et al. [16] who showed that implantation of
bone marrow mononuclear cells using injectable
fibrin matrix enhanced neovascularization in in-
farcted myocardium compared to cell implantation
without matrix. More recently, Kofidis et al. [17]
have shown that injection of a mixture of mouse
embryonic stem cells and liquid matrigel into the in-
farcted myocardium restored injured myocardium.
Although fibrin and matrigel are injectable, sup-
port neovascularization and may improve cardiac
function, the fact that they are derived from natural
materials renders them less suitable for designing
specific biological solutions.

In contrast, synthetic biomaterials can be de-
signed with a variety of biological features. Some
short peptides have the unique property of self-
organization and self-assembly [18]. Once injected,
these materials respond to the physiological envi-
ronment within the tissue and self-associate in par-
ticular patterns to form organized structures. Ionic
strength, pH, and physiological salt solutions are
such cues (Figure 18.2A) that can guide bioengi-
neered peptides into a mature scaffold. These self-
assembling peptides, because of their regular re-
peats of alternating hydrophilic and hydrophobic
amino acids, form stable structures based on protein
β-sheets. Following exposure to physiological salt
solution, the peptides can spontaneously assemble
into a stable macroscopic porous matrix of orderly
interwoven nanofilaments [18]. Scaffold formation
occurs within minutes after exposure to physiolog-
ical salt conditions, a property that greatly facili-
tates in vivo microenvironment formation after in-
jection. Cardiac myocytes cultured in these scaffolds
exhibit a high degree of spatial organization and dif-
ferentiation similar to myocardium, with sponta-
neous and coordinated contractions [10]. Upon in-
jection in vivo, these nanofiber microenvironments
are spontaneously vascularized [6]. These newly en-
gineered injectable scaffolds hold promise for modi-
fying the microenvironment for suitable progenitor
cells with growth factors.
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Figure 18.2 Biomaterials for managing the
microenvironment. (A) Self-assembling peptides form
stable hydrogels. Upon injection to a physiological
environment, they form a scaffold of interwoven
nanofibers because of the changes in ionic strength and
pH. (B) Materials with shape memory transform to a preset
form at given temperature. (C) Bioactive factors can be
incorporated by noncovalent binding to the scaffold.
Depending on the type of reactions between the delivered
factor and the scaffold, binding can be weak or strong
with, respectively, fast and slow release. (D) Factors can be
linked to the scaffold by a substrate peptide sequence for
matrix metalloproteinases (MMPs) leading to cleavage and
release when MMPs are activated (e.g., after myocardial
infarction [MI]). (E) Smart release of a chemotactic factor

coupled to the scaffold by a substrate sequence for
MMP-2. The concentration of the chemotactic factor will
be higher in the neighborhood of infarcted myocardium,
where MMP-2 concentrations are elevated. In this way, a
gradient of chemotactic factor can be formed to attract
progenitor cells toward the infarct zone. (F) Management
of the microenvironment by tissue engineering consists of
attracting progenitor cells, enhancing their survival,
driving their differentiation, and promoting mechanical
and electrical coupling. Conc = concentration;
SDF = stromal cell-derived factor; HGF = hepatocyte
growth factor; IGF = insulin-like growth factor;
PDGF = platelet-derived growth factor; FGF = fibroblast
growth factor; BMP = bone morphogeneic protein;
VEGF = vascular endothelcal growth factor.
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Key factors in material selection

The biomaterial scaffold should be able to provide
not only a physical support for cells but also the
chemical and biological cues needed for functional
tissues. For cardiac tissue engineering, the optimal
material for the scaffold will guide proliferation,
differentiation, organization, and electromechan-
ical coupling of cells. The biomaterial must interact
on a molecular level with the cells in a precise and
controlled manner, similar to the interactions be-
tween cells and the native matrix. At the same time,
the basic requirements for a biomaterial should be
kept; that is, the materials and their degradation
products must be nontoxic and nonimmunogenic.
The list of requirements for the ideal material is
extensive (Table 18.1), explaining why the optimal
scaffold for cardiac regeneration has yet to be de-
signed.

Naturally occurring materials include polypep-
tides, polysaccharides or composites. The advan-
tage of using naturally occurring building blocks is
working with materials of which physiological activ-
ities are known, such as selective cell adhesion, me-
chanical properties or biodegradability. Disadvan-
tages include potential transfer of infectious agents
from animals, antigenicity, unstable material sup-
ply, and deterioration in the long term. In addition,
specific properties of naturally derived materials are

Table 18.1 Optimal features of materials for cardiac tissue
engineering.

Innate properties

Noncytotoxic

Nonimmunogenic

Noninfectious

Biodegradable with nontoxic products

Porosity

Mechanical (strength/elasticity)

Injectable

Biological properties

Support cell attachment

Support cell survival and proliferation

Drive migration of progenitors

Support development of functional vasculature

Support mechanical and electrical integration

Smart properties

Shape memory

Trigger release of growth factors

difficult to design. Several groups have studied scaf-
folds composed of natural polymers such as collagen
[9], the major constituent of the cardiac extracellu-
lar matrix. Reasonable mechanical results were ob-
tained with collagen-based grafts or “patches” con-
taining beating cardiomyocytes (EHT). Alginate is
a negatively charged polysaccharide from seaweed
which forms hydrogels in the presence of calcium
and has a high porosity enabling high seeding den-
sities, so alginate-based scaffolds may be used [19].

Drawbacks of natural materials isolated by ex-
traction (e.g., collagen) can be overcome by select-
ing fragments with specific functions instead of us-
ing crude materials. Recently, Ito et al. [20] mapped
the D4 domain of human collagen II as most crit-
ical for supporting migration of chondrocytes and
used this information to engineer a collagen-like
protein consisting of tandem repeats of the D4 do-
main (mD4 collagen). Cartilaginous constructs of
chondrocytes cultured in polyglycolic acid (PGA)
scaffolds coated with mD4 collagen proved to be
superior to constructs of chondrocytes cultured in
bare PGA scaffolds or scaffolds coated with natural
collagen [20]. Hence, although biological materials
can be difficult and expensive to engineer and purify,
known properties of natural materials can be used
as a template for synthetic materials to circumvent
drawbacks associated with natural scaffolds and to
select and amplify the desired properties.

Synthetic materials can be manufactured on a
large scale, and their structure and mechanical
properties can be more easily controlled and ma-
nipulated than natural materials. A potential draw-
back of most synthetic materials is their lack of
specific cell-recognition signals. Cells adhere to
and interact with their extracellular environment
via cell surface receptors including integrins, and
their ability to activate associated downstream sig-
naling pathways depends on adhesion complexes
formed between cells and matrix. To improve cel-
lular adhesion, cell-adhesion motifs may be en-
gineered into biomaterials [21]. These sites have
to be present in sufficient number and at the
same time have to be properly spaced in order
to organize cardiomyocytes and endothelial cells.
Recognition motifs are formed by specific amino
acid sequences of which the Arginine–Glycine–
Asparagine (RGD) sequence, commonly found in
fibronectin, laminin, and other matrix proteins, is
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best characterized. Polylactic acid, PGA, and their
copolymer polylactic-co-glycolic acid lack natural
cell recognition motifs. Cannizzaro et al. [21] cou-
pled the RGD–peptide–biotin sequence to polymers
by a biotin–streptavidin–biotin linkage, resulting
in increased spreading of endothelial cells in these
polymers. Organization of RGD on the matrix is
as important as the total number of available RGD
sites: it has been shown that cell spreading and pro-
liferation of osteoblasts in alginate gel are altered by
the spacing between RGD moieties [22].

The surface properties of a biomaterial not only
affect cell spreading and proliferation but also dif-
ferentiation. Differentiation of mesenchymal stem
cells is dependent on specific coating of the bio-
material [23]. Mesenchymal stem cells are sen-
sitive to surface chemistry, and N-enriched sur-
faces by means of glow discharge plasma techniques
can influence human mesenchymal stem cell re-
sponses, ultimately affecting differentiation toward
osteoblasts.

An important element in the development of ev-
ery bioactive material is control of porosity. This
property has not been studied extensively in cardiac
tissue engineering, but conclusions can be drawn
from osteogenesis research [24] and musculoskele-
tal tissue engineering [25]. In vitro, small pore size
scaffolds (40 µm) contain more cells and stimu-
late osteogenesis by suppressing cell proliferation
and forcing cell aggregation [24]. However, pores
smaller than 100 nm result in decreased diffusion
of oxygen, nutrients, and growth factors, leading to
poor survival of implanted cells [25]. Larger pores
(100µm) are beneficial for cell migration and prolif-
eration in the scaffold [24, 25], but pores larger than
the size of one endothelial cell are difficult to bridge
and lead to decreased angiogenesis; large pore sizes
may also compromise mechanical properties. Thus,
a balance in porosity must be reached depending on
the repair strategy, as porosity can affect cell migra-
tion, angiogenesis, rate of remodeling, and rate of
degradation of the scaffold material.

Smart biomaterials

The defining characteristic of smart biomaterials
is responsiveness to environmental cues. These cues
can include pH, ionic strength, temperature, or en-
zymes that trigger responses such as protein release

(Figures 18.2A–2D). Smart materials are promising
for accomplishing stem cell differentiation and cel-
lular chemotaxis, which can require sequences of
signaling molecule release.

Although biomaterials provide necessary me-
chanical support and adhesion sites, they usually
do not guide cellular phenotype as growth fac-
tors do. Incorporation of growth factors will greatly
improve the ability of scaffolds to form microen-
vironments for stem cells and cardiomyocytes. In
addition, biological signaling molecules are often
unstable in vivo; therefore, it may be necessary to
administer them together with carrier molecules to
enhance their in vivo activity [11]. Protein deliv-
ery systems must meet criteria that are specific to
the application (vasculogenesis, differentiation or
chemotaxis) and to the protein. Endogenous levels
of the protein should be known and increasing the
amount above this level must have an additional
beneficial effect. Delivery of a protein to receptors
that are already optimally activated by the endoge-
nous protein may be detrimental, as has been de-
scribed for overexpression of VEGF [26].

The delivered factor must be targeted to a specific
cell population, with minimal influence on other
cell types. The ideal chemotactic factor attracts only
one cell type. Stromal-cell-derived factor-1 (SDF-1)
is one example of a cardiac repair stem cell chemoat-
tractant [27]. The ability of SDF-1 to attract
hematopoietic stem cells to the heart has been ex-
tensively described; however, SDF-1 is also a chemo-
tactic factor for T lymphocytes. Moreover, the mere
presence of a chemotactic factor in a material or
a region of myocardium is insufficient for efficient
cell migration. Cells migrate in a certain direction
driven by subtle differences in chemokine gradients
across the cells through a mechanism called spatial
sensing. Gradients of chemokines may be achieved
by attachment of chemokines to bioengineered scaf-
folds, using a linker peptide containing a substrate
sequence for metalloproteinases (MMPs). MMPs
recognize specific peptide sequences in proteins
which can be incorporated into recombinant pro-
teins. MMPs are activated after myocardial infarc-
tion, which may lead to release of a linked protein in
a spatial and timely controlled manner. Feasibility
of this release method has been proved by linking
methotrexate to dextran via a substrate sequence
for MMP-2 and MMP-9. MMP-2 and MMP-9 are
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expressed by certain tumor cells and this delivery
method led to spatial and temporal control of re-
lease of methotrexate [28]. Release of a chemotactic
factor linked to the scaffold via a substrate sequence
for MMP-2 will theoretically occur at a higher rate
in regions closer to the infarcted region, leading to
a well-defined gradient of the factor (Figure 18.2E).

Growth factors can be linked to a biomaterial
scaffold by biotin molecules or by covalent attach-
ment to the material. Modifying interactions be-
tween proteins to be delivered and the scaffold will
influence the timing of release (Figure 18.2C). The
kinetics of release of a factor must be considered
along with the total binding capacity of the material.
We have demonstrated that self-assembling pep-
tides can deliver pharmacological doses of PDGF
[11]: binding capacity of the peptides for PDGF was
at least 10 times higher than that necessary for phys-
iologic effects. Recently, Behfar and Terzic defined
a “cardiogenic cocktail” [29] consisting of ten sub-
stances necessary for induction of transdifferentia-
tion of adult mesenchymal stem cells into cardiomy-
ocytes in vitro. This cocktail included inductors of
embryonic cardiogenesis bone morphogenetic pro-
tein 2, transforming growth factor β1, and retinoic
acid; growth factors like insulin-like growth fac-
tor 1, VEGF, and FGF-4; and other factors like tumor
necrosis factor α, leukemia inhibitory factor, inter-
leukin 6, and α-thrombin. As with cardiogenesis
in the embryo, formation of new cardiomyocytes in
the adult will require delivery of growth factors in
a highly orchestrated manner. The study by Behfar
and Terzic provides another illustration that one
factor alone will not suffice [29]. Delivery of many
factors together in a controlled manner is a daunting
task requiring extensive knowledge of the biology
and chemistry of each factor.

Besides protein delivery, engineered scaffolds
have potential for improving or controlling gene
transfer. Synthetic carriers, including peptide-based
delivery systems, are being developed in several lab-
oratories as promising alternatives to using viruses
as vectors. Because of their exceptional adaptability,
peptide-based vectors are particularly amenable to
this approach. Zhang et al. [18] developed a series
of surfactant peptides consisting of a hydrophobic
tail attached to a polar group (positively charged
residues at the C or N terminus). These peptides
self-assemble in water to produce nanovesicles and

nanotubes [30]. When placed in a DNA solution,
the positively charged peptides self-assembled into
a tube, encapsulating the negatively charged DNA.
In this manner, DNA could be delivered to cells and
the surface of DNA can be tagged with a marker that
is specific to a particular cell type [30].

Conclusions

Biomaterials can be engineered in different ways to
create a cardiogenic microenvironment and pro-
mote successful integration of cells. The first re-
quirement is successful vascularization, not only for
oxygen and nutrient supply but also for paracrine
and organizational actions of endothelial cells. It is
clear that cardiac repair is a reasonable goal, but
much more knowledge regarding the differentia-
tion of stem cells to cardiac myocytes is necessary
for advancement in this field. With this advance in
knowledge, we can then provide the biomaterial de-
sign to instruct cells in the local microenvironment.

Critical for bioengineered scaffolds is selection
of suitable materials supporting cell spreading and
survival. Furthermore, factors must be incorpo-
rated to attract cells and promote survival, differ-
entiation, and electromechanical integration of cells
in the newly formed tissue. For instance, chemotac-
tic signals can be incorporated to attract progenitor
cells and growth factors can be included to promote
survival and/or transdifferentiation. These bioac-
tive factors have to be delivered in a highly orches-
trated manner leading to true management of the
microenvironment (Figure 18.2F). Another favor-
able feature of biomaterials is injectability to avoid
the need for surgical implantation. Eventually, suc-
cessful cardiac regeneration will depend not only
on the cell strategy that we use, but also on the level
of control and integration that can be obtained by
managing the microenvironment.
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Gene therapy and cellular therapy
in cardiac repair

Mark A. Sussman, PhD

Introduction

Repairing and restoring myocardial structure and
function represents an ideal outcome for the treat-
ment of cardiomyopathy. Current therapeutic inter-
ventions rely predominantly upon pharmacologic
strategies to slow the progression of heart failure,
but the ultimate destination for many of these pa-
tients will be an operating room where they will re-
ceive either a cardiomyoplasty, a mechanical assist
device, or a transplanted donor heart. The cost, in-
vasiveness, shortage of suitable donor organs, and
compromised quality of life are just a few of the
many issues stemming from the current approaches
to treating advanced heart failure. An attractive al-
ternative vision for treating these patients would be
the use of repair processes that, rather than prop
up and maintain damaged organ function, would
enable the replacement and repair of the compro-
mised tissue on a cellular level. Over the past decade,
a concerted effort by scientists and clinicians has
advanced the use of gene therapy as an approach to
treating heart failure, which has been reviewed ex-
tensively in recent publications [1–6]. These stud-
ies have shown that genetic reprogramming of the
myocardium can be used to prevent cell death, in-
hibit maladaptive remodeling, enhance hemody-
namic function, promote angiogenesis, and block
deleterious signaling [7–15]. Although gene therapy
approaches remain a popular avenue for delineat-
ing the role of proteins in cardiac repair and rescue,
many practical aspects of gene therapy, such as de-
livery and targeted expression in the myocardium,
regulation of gene expression, and persistence of
expression, have hampered implementation of my-

ocardial gene therapy for the treatment of heart fail-
ure. However, recent discoveries related to regen-
eration and repair of the myocardium, using stem
cells, have shifted the paradigm of treatment for my-
ocardial disease [16–21]. Discoveries linking stem
cell-based therapies to improvements in myocardial
performance have invigorated the field, but current
limitations in stem cell-based approaches present
significant barriers. This chapter will concentrate
on existing challenges in stem cell-based treatment
and how these may be overcome by incorporation of
gene therapy, resulting in a combinatorial approach
that uses genetic engineering to potentiate stem cell
activity for myocardial repair.

Stem cell-based therapeutics for the treatment
of myocardial damage or disease originated with
findings from seminal studies on bone marrow-
derived cells [22] which subsequently transitioned
into studies using stem cells derived from the heart
[23, 24] The ultimate origin of cardiac stem cells
remains speculative, but there is no dispute that
such cells exert powerful recuperative effects upon
the myocardium. Published evidence supports di-
rect and indirect mechanisms of repair mediated
by adoptively transferred cells, either by direct en-
graftment into the host tissue or recruitment and
facilitation of repair by activation of endogenous
cells. Additionally, the transferred cell population
supports survival and protection of the existing my-
ocardial tissue at risk which, in turn, diminishes the
area of damage and promotes preservation of cell
viability and tissue integrity.

Damaged myocardium is a hostile environment
for cells attempting to execute reparative and regen-
erative processes. Under conditions of acute injury
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by ischemia or infarction, cells entering into the af-
fected region may be challenged with hypoxia, ox-
idative stress, cytotoxic factors, inflammatory pro-
cesses, deranged extracellular signaling stimuli, and
abnormal mechanical stress. The type and inten-
sity of stresses in the damaged region also varies
over time as the wounded tissue undergoes cel-
lular death, tissue remodeling, and eventual scar-
ring. In comparison, a chronically failing heart po-
tentially suffers from high levels of catecholamine
stimulation, increased cell death and turnover, al-
tered metabolism, elevation of calcium-dependent
signaling, and desensitization to normal autocrine
and paracrine signaling pathways. In the face of
such inhospitable conditions, it is not surprising
that many studies find that cells adoptively trans-
ferred into this region are lost by attrition as these
cellular immigrants die or meander to other loca-
tions [25–27]. To encourage survival and long-term
persistence, two options are available: (1) mod-
ify the environment to render it more welcom-
ing or (2) arm the settlers with extraordinary ca-
pabilities to withstand adverse conditions. Both
of these approaches have been successfully em-
ployed (often in combination) to enhance the effi-
ciency of cell transfer and the efficacy of myocardial
repair.

Option 1: modify the environment
The challenge of survival for stem cells in damaged
myocardium can be ameliorated by genetic engi-
neering approaches designed to manipulate condi-
tions in the afflicted region. Successful gene ther-
apy approaches to inhibit cardiomyopathy operate
by blunting processes of cell death and deleteri-
ous remodeling. Until recently, the consequences
of gene therapy approaches were evaluated primar-
ily in the context of preventing damage, whereas
the contribution of endogenous repair mechanisms
was overlooked. Thus, gene therapy approaches to
blunt oxidative stress by overexpression of proteins
such as heme oxygenase-1 [28–30], catalase [31],
or superoxide dismutase [32] can all be thought
of as ways to decrease free-radical production that
can provoke apoptotic death of stem cells. Blunting
inflammatory responses and associated destruction
of involved tissue mediated through molecules such
as tumor necrosis factor α [33], interleukin 8 [34],
endothelial nitric oxide synthase [35], or NFκB

[36, 37] activation also contribute to a more favor-
able seeding ground for stem cells. Part and parcel of
this approach is the inhibition of cell death by direct-
ing survival signaling in the myocardium via expres-
sion of genes such as Bcl-2 [38], Akt [39, 40], hepato-
cyte growth factor (HGF) [41], cardiotrophin [42],
or adrenomedullin [43]. Overcoming cell death can
also be accomplished by inhibiting proapoptotic
agents such as Bad [44, 45], Bax [46], caspases
[47, 48], p53 [49], or Fas ligand [50]. Collectively,
all these manipulations enhance myocardial sur-
vival in the wake of pathological insults, but they
also promote a more salubrious environment for
the engraftment and persistence of invading stem
cells.

The most widely exploited form of myocardial
gene therapy involves the use of proangiogenic fac-
tors to promote neovascularization of ischemic or
infarcted tissue. Paracrine factors including vascu-
lar endothelial growth factor (VEGF) [11, 51], fi-
broblast growth factor (FGF) [52], or HGF [10,
41] have all been widely used in experimental and
clinical gene transfer protocols. Although employed
because of their angiogenic properties, these fac-
tors can also influence cell survival, growth, and
trafficking [53] Benefits obtained through the use
of these paracrine factors reside with their multi-
faceted actions, although the relative contributions
of these diverse biological effects in the phenotypic
outcome remain poorly understood. This paucity of
clear mechanistic understanding is the likely reason
for the inconclusive results obtained in the numer-
ous clinical trials that used gene therapy to promote
therapeutic angiogenesis in patients with myocar-
dial ischemia [54].

Option 2: protect and potentiate the
stem cell population
Enhancing the survival, engraftment, and growth
of stem cells allows for modification of the stem
cell population rather than the local environment
of the myocardium. This approach has been em-
ployed in three predominant forms: (1) increas-
ing stem cell resistance to cell death, (2) engineer-
ing stem cells to produce factors that enhance nur-
turing from resident tissue, and (3) programming
the cells with increased compatibility or commit-
ment to functional activity prior to delivery. Ex vivo
manipulation of isolated stem cell populations
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by gene transfer, somatic cell (nuclear reprogram-
ming), or preconditioning in coculture with feeder
layers or soluble factors are typically used to in-
fluence the stem cells. These “potentiated” stem
cells are subsequently introduced into the recipient
heart, which in most cases has been pathologically
challenged by ischemic or infarction injury. Gene
delivery vectors are often chosen for integration into
the host-cell DNA (retroviruses, adeno-associated
viruses) that enables persistent expression in daugh-
ter cell progeny, rather than adenoviruses or con-
ventional plasmid transfections that are maintained
in episomal form and subsequently diluted away by
mitotic activity. However, episomal gene constructs
can express for several days to a couple of weeks
prior to the loss of the virally encoded transgene,
which is often more than the sufficient time to al-
low for engraftment and/or beneficial modification
of the myocardial environment. Genes employed
for potentiating stem cell survival upon delivery in-
clude HGF [55, 56], VEGF [57, 58], FGF [59], heme
oxygenase-1 [60], sonic hedghog [61], transform-
ing growth factor β [62], and Akt/PKB [63]. All
of these studies have reported enhancement of sur-
vival, engraftment, and improvement in cardiac re-
modeling/hemodynamic function through the use
of genetically engineered cells versus their naı̈ve
counterparts.

Combined effects that enhance
stem cell engraftment

Paracrine factors are important contributors to the
beneficial effect of adoptively transferred stem cells
[64]. It is important to keep in mind that genetically
altered stem cells are likely to be elaborating factors
that, in addition to enhancing the survival of the
donated population, will also be exerting beneficial
effects on the surrounding host tissue in proximity
to the injection site. In such cases, the overall ef-
fect may be the combined enhancement of stem cell
population survival as well as an enhancement of
the local tissue environment. Such is the case with
cells reprogrammed with constitutive activation of
Akt/PKB kinase [65].

Various mix-and-match approaches will likely be
increasingly popular as we delineate the respective
roles of specific genes and cell populations in the
regenerative/reparative process. Examples include

combining stem cells with growth factors at deliv-
ery [66, 67], driving preimplantation commitment
of the stem cells to favor myocardial-associated lin-
eages [68], and the use of trafficking factors to en-
hance recruitment of local stem cell populations
[69].

Engineering a younger heart with
nuclear-targeted Akt kinase

In addition to the aforementioned gene therapy ap-
proaches for enhancing cell survival or improving
local tissue conditions, another possible avenue for
increasing stem cell regenerative capacity is expan-
sion of the stem cell population by increased mitotic
activity. Previous attempts to modify cardiomy-
ocyte proliferation by genetic engineering have met
with mixed results that have failed to produce a
clinically relevant treatment approach [70, 71] Our
group has been examining the ability of Akt/PKB
kinase modified by nuclear targeting to enhance
the survival and proliferation of the cardiac stem
cell population. These studies grew from seminal
observations made in transgenic mice created with
cardiac-specific expression of nuclear-targeted Akt
(Akt/nuc) and it was found that the mice were
resistant to apoptotic challenge and possessed a
hypercellular myocardium without a concomitant
increase in cardiac mass [72, 73]. The Akt/nuc my-
ocardium exhibits increased frequencies of cells ex-
pressing the stem cell marker c-kit as well as cells
expressing c-kit in combination with Nkx 2.5 or
MEF2C. Expression of transcription factors MEF2C
or Nkx 2.5 identifies cells committed to the myocyte
lineage. The number of c-kit+ cells in Akt/nuc sam-
ples present in regions of the ventricular midwall
or atria showed statistically significant increases of
2.1- and 1.7-fold, respectively (Figure 19.1). Simi-
larly, significant increases of 1.9- or 4.1-fold were
found for c-kit+/Nkx 2.5+ cells in the ventricular
midwall or atria, respectively, for Akt/nuc hearts rel-
ative to nontransgenic samples. These values corre-
late with the demonstration of a significant 2.9-fold
increase in c-kit+/MEF2C+ cells in the midwall re-
gion of Akt/nuc samples relative to nontransgenic
controls.

Comparison of cytokine mRNA transcript ex-
pression by quantitative real-time PCR array anal-
yses between Akt/nuc transgenic heart samples
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Figure 19.1 Expansion of the stem cell and cardimyocyte
progenitor cell populations in Akt/nuc myocardium.
Quantitation of cells in the myocardium of Ntg and
Akt/nuc hearts immunoreactive with antibodies to (A) c-kit
alone, (B) c-kit and Nkx 2.5, or (C) c-kit and MEF2C.
Assessment of c-kit+ as well as c-kit+/Nkx 2.5+

populations is subdivided by regional distribution
in either ventricular midwall or atria. Calculations are
based upon a total area of 500 mm2 from 10 Ntg or

600 mm2 from 15 Akt/nuc hearts. Micrograph (D) depicts
typical view of myocardium labeled for c-kit+ (green),
MEF2C (white), nuclei (blue), and sarcomeric actin (red)
with arrowhead indicating a c-kit+ cell and the arrow
indicating a c-kit+/MEF2C+ cell. Statistically significant
differences between Ntg and Akt/nuc are shown in the
graphs. Akt/nuc = nuclear targeted AK+; Ntg =
nontransgenic.

versus age- and gender-matched nontransgenic
controls (Figure 19.2, solid bars) reveal striking sim-
ilarities in the transcriptional profile between the
Akt/nuc and neonatal heart mRNA changes rela-
tive to adult Ntg control samples (Figure 19.2, solid
versus dotted bars). Thus, Akt/nuc influences tran-
scriptional reprogramming of cytokine expression
in the myocardium that shares similarities with that
found in the neonatal heart.

The combination of enhanced resistance to apop-
totic cell death and increased proliferative potential
makes stem cells modified with cardiac-specific ex-
pression of Akt attractive for regenerative cardiac
cellular therapy. Pilot experiments show marked en-
graftment, persistence, and commitment of adop-
tively transferred stem cells derived from Akt/nuc

transgenic mice into infarcted myocardium or re-
cipient mice (Figure 19.3), pointing the way for fu-
ture studies to examine the application of Akt/nuc
genetic engineering in a clinical setting.

Conclusions and future directions

The promise of gene therapy for the treatment of
heart failure has yet to be fulfilled. Some of the per-
sistent issues in gene therapy of the myocardium,
such as regulation of vector delivery, controlling
expression, and long-term persistence, may be re-
solved by combining gene therapy with stem cell
populations that can serve as factories for produc-
tion of beneficial paracrine factors as well as part-
ners in the process of engraftment and regeneration.
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Figure 19.2 Induction of cytokine and growth factor
expression in Akt/nuc myocardium. (A) PCR-base
microarray analysis of mRNA expression of cytokines and
growth factors demonstrating expression changes in
myocardial samples from Akt/nuc in comparison to
nontransgenic (Ntg) samples. (B) Immunoblot and
quantitation of protein expression from Akt/nuc and Ntg
myocardial lysates. Significant increases are noted for

TNFsf8, IL-17e, and HGF. Results represent averaged values
for analyses performed on three separate individual heart
samples from either Akt/nuc or age- and gender-matched
Ntg controls. *p < 0.01; **p < 0.05. Txin = Taxillin;
Bmp7 = Bone morphogenetic protein 7; GAPDH =
Glyceraldehyde-3- phosphate dehydrogenase. Akt/nuc =
nuclear targeted Akt; HGF = hepatocyle growth factor;
TNF = tumor necrosis factor; IL = interleukin.

Joining the recent observations regarding cardiac
progenitor cell biology together with Akt kinase
signaling opens novel possibilities for the manip-
ulation of myocardial cell survival, regeneration,
and aging. Indeed, our Akt/nuc prompts signifi-
cant changes in cytokine expression in the hearts
of transgenics reminiscent of neonatal transcrip-
tion profiles for factors known to mediate cell sur-
vival, proliferation, and differentiation. There are
new frontiers just beginning to be explored, such
as genetic reprogramming of stem cells by somatic
cell nuclear transfer creation of autologous cell
populations for myocardial regeneration [74] or

engineering of pacemaker cells to treat arrhythmias
[75]. Thus, goals of ongoing studies are to (1) de-
fine specific molecular mechanisms responsible for
the beneficial effects of genetic engineering for stem
cells and myocardial tissues, (2) expand the po-
tential application of genetic modification of car-
diac progenitor cells and myocytes for clinically-
relevant treatment, and (3) use gene therapy in
combination with stem cells to promote recovery
from cardiomyopathic injury and to antagonize the
progressive deterioration of hemodynamic perfor-
mance in cardiomyopathies as well as in normal
aging.
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Figure 19.3 Myocardial regeneration by stem cells derived
from transgenic mice created with cardiac-specific
expression of nuclear-targeted Akt/PKB kinase. Confocal
micrograph showing epicardial (EP) and endocardial (EN)
surfaces of infarcted myocardium that received
intramyocardial injection of stem cells derived from
transgenic nuclear-targeted Akt mice. A regenerating
band of myocardium is seen (demarcated by arrowheads)
wherein the adoptively transferred cells can be identified
by immunolabeling for a c-myc tag (green). Many cells in
the regenerating band exhibit coincident expression of the
myc tag as well as α-sarcomeric actin (red) indicative of
commitment to the cardiomyocyte lineage. Nuclei in the
section are labeled in blue. Bar in lower right corner of
micrograph equals 10 µm.
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20 CHAPTER 20

Cardiac stem cells and the
failing heart

Piero Anversa, MD, Konrad Urbanek, MD, Claudia
Bearzi, PhD, Antonella De Angelis, PhD, & Marcello Rota, PhD

Introduction

The recognition that the heart possesses a stem
cell compartment that can regenerate myocytes and
coronary vessels demonstrates that it is possible to
reconstitute dead myocardium after infarction, to
repopulate the hypertrophic decompensated heart
with new better functioning myocytes and vascular
structures, and perhaps to reverse ventricular dila-
tion and wall thinning, restoring the physiological
and anatomical characteristics of the normal heart.
This hypothesis is supported by the identification
of resident cardiac stem cells (CSCs) in the mam-
malian heart and the demonstration that CSCs can
be isolated and expanded in vitro (see also Chap 9).
These cells are self-renewing, clonogenic, and mul-
tipotent, and thereby capable of differentiating into
cardiomyocytes and coronary vascular cells. Addi-
tionally, the local injection of CSCs in infarcted an-
imals repairs the necrotic myocardium by forming
functionally competent myocytes, coronary arteri-
oles, and capillary structures. These observations
have changed the perennial view of the heart as a
postmitotic organ and have formed the basis of a
new paradigm in which multipotent CSCs are im-
plicated in the normal turnover of myocytes, en-
dothelial cells (ECs), smooth muscle cells (SMCs),
and fibroblasts.

The appreciation that the heart is a dynamic or-
gan constantly renewing its cell populations has
generated great enthusiasm in the scientific and
clinical communities. Understanding the mech-
anisms of cardiac homeostasis would offer the

extraordinary opportunity to potentiate this natu-
rally occurring process and promote myocardial re-
generation following tissue injury. Hypothetically,
stimulation of CSCs is unlikely to induce malig-
nant neoplasms since they are an extremely rare
form of cardiac pathology. Also, CSCs should be
more effective in making new myocardium than
stem/progenitor cells from other organs including
the bone marrow. CSCs are programmed to create
heart muscle and, on activation, can rapidly engen-
der parenchymal cells and coronary vessels, possibly
rescuing the failing heart.

However, the field of regenerative cardiology is in
its infancy and great caution has to be exercised in
the implementation of this form of cellular therapy
in human beings before we have obtained the basic
information concerning the ability of CSCs to mi-
grate, divide, and differentiate. Similarly, ischemic
and nonischemic pathologic states and the dura-
tion and severity of the disease may have profound
implications on the function of the CSC pool. In
addition, the age and gender of the patients have
to be regarded as critical variables of CSC growth
and lineage commitment. Unfortunately, there is no
good animal model that can be employed to collect
such information that is of tremendous importance
in the application of CSC treatment to the patient
population.

This chapter reviews current knowledge and
strategies relevant to the potential future treat-
ment of patients according to their disease history,
age, sex, and clinical conditions. Ultimately, CSC
therapy will have to be defined on an individual
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basis to maximize the efficacy of this novel approach
for the management of heart failure in each case.

Cell therapy of the failing heart

An important goal of stem cell therapy is to iden-
tify whether a category of CSCs is better set for the
regeneration of both myocytes and coronary vas-
culature or whether distinct classes of CSCs differ-
entiate predominantly in myocytes or in coronary
vessels. Moreover, the rates of growth and matura-
tion may differ among CSC populations in a manner
that is currently unknown [1]. This information is
crucial for the preparation of the “best” mixture of
cells to be administrated in the treatment of spe-
cific myocardial diseases. Defects in coronary per-
fusion of the hypertrophied heart may benefit more
from the expansion of the coronary bed [2], while
idiopathic dilated cardiomyopathy may require a
prevailing formation of myocytes to increase wall
thickness and decrease chamber diameter [3]. How-
ever, ischemic myocardial injury necessitates both
parenchymal cells and coronary vessels to rebuild
the lost myocardium. In the presence of massive in-
farcts, regeneration has to occur rapidly to reduce
the infarct to a size that is compatible with life [4].

Equally relevant is to determine whether the use
of CSCs is preferable to the use of cells already com-
mitted to the myocyte, EC and SMC lineages or
whether a pool of CSCs and partially differentiated
cells provides a greater and faster regenerative re-
sponse. A mixture of cells with clearly defined prop-
erties, but with a high potential for proliferation,
may be more effective in reconstituting the dead
myocardium after infarction than is an undifferen-
tiated cell population. In addition, this pool may
be more efficacious in replacing the poorly con-
tracting myocytes of the chronically failing heart
with younger, better functioning cells and a vascu-
lar supply. Under this setting, coronary reserve is
impaired and minimal coronary vascular resistance
is increased [5]. Thus, new myocytes, resistance ar-
terioles, and capillary profiles may be rapidly de-
veloped to improve tissue oxygenation and cardiac
pump function. Figure 20.1 illustrates graphically
the problems at hand and the directions that may
have to be followed to acquire better knowledge of
the complexity of CSC therapy for human disease.

A third critical problem is to establish whether
these strategies, which may lead to the repair of the
acutely damaged heart, are equally effective, less ef-
fective, or completely ineffective in the regeneration
of chronic scarred myocardium [6]. Our current
understanding of the actual strengths and limits
of the therapeutic potential of CSCs is primitive
at best. The biology of CSCs, in terms of their
growth properties and long-term repopulating abil-
ity in vivo, need to be determined for the recogni-
tion of the most primitive cell in the myocardium.
These issues are important for the characterization
of human CSCs whose applicability may dramat-
ically advance the field of cellular therapy for the
failing heart. Questions have been raised and pro-
tocols have been developed to impact on the fu-
ture directions of regenerative cardiology. Negative
experimental findings resulting from differences in
protocols, methodological shortcomings, and sub-
optimal techniques for the analysis of myocardial
repair have muddled the field of cell therapy and
cardiac repair [7, 8], creating discomfort in the pa-
tient population and in the scientific–clinical com-
munity. Therefore, the promoters of the field of stem
cell therapy have to acknowledge these recent find-
ings, repeat some of the work, and provide unequiv-
ocal answers to the criticisms. At the same time, they
have to continue to search for new and more inno-
vative strategies for the reconstitution of the severely
decompensated heart.

Cardiac stem cells

In the last few years, several laboratories have iden-
tified different subsets of progenitor cells in the
myocardium [9]. Although these observations have
promoted a revolution in basic cardiovascular sci-
ence and clinical cardiology, the methodological ap-
proach has not been consistent among groups, mak-
ing comparisons between progenitor cell categories
extremely complex. It is important to reiterate the
fundamental behavior of stem cells and the need to
adhere to definitions. In fact, whether the several
progenitor cell types described in the heart rep-
resent distinct populations remains questionable.
Stem cells have been known for quite some time,
but there is little understanding of the importance
of stem cell surface antigens in the growth and dif-
ferentiation potential of these cells [1, 10]. These
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limitations are not restricted to the heart and the
CSCs but apply to stem cells in all self-renewing
organs, including the bone marrow. Moreover, the
surface antigens c-kit, MDR1, or Sca-1 are present
in cells undergoing lineage differentiation, compli-
cating recognition of the actual primitive cells in
the population [9]. The classification below offers a
framework that reflects the studies done in the char-
acterization of hematopoietic stem cells and their
progeny and constitutes a reasonable basis for com-
parison.

CSCs are lineage-negative primitive cells express-
ing only the surface antigens c-kit, MDR1, and
Sca-1 protein alone or in combination. CSCs are
negative for transcription factors present in cardiac
cells, GATA-4 and GATA-5; myocytes, Nkx 2.5 and
MEF2C; ECs, Ets1 and Erg1; SMCs, GATA-6; skele-
tal muscle cells, MyoD, myogenin, and Myf5; and
hematopoietic cells, GATA-2 and GATA-3. CSCs
are also negative for cytoplasmic proteins spe-
cific for myocytes (nestin, desmin, cardiac myosin
heavy chain, α-sarcomeric actin, connexin 43, and
N-cadherin), ECs (CD34, CD31, von Willebrand
factor, and flk1), SMCs (TGFβ1 receptor, flk1,
and α-smooth muscle actin), neural cells (MAP1b,
neurofilament 200, and GFAP), and hematopoi-
etic cells (CD45, CD45RO, CD8, CD20, and TER
119). Progenitor cells express stem cell antigens and
transcription factors of cardiac cell lineages or, more
specifically, of myocytes, ECs, and SMCs. Progen-
itor cells do not express specific cytoplasmic pro-
teins. Precursor cells exhibit stem cell antigens in
combination with cytoplasmic proteins typical of
myocytes, ECs, or SMCs.

Fluorescence-activated cell sorting (FACS) anal-
ysis is extremely helpful in separating stem cells in
various categories according to the expression of
one or more surface epitopes [11], but the distinc-
tion between undifferentiated and early committed
cells necessitates caution. More sophisticated anal-
yses of nuclear and cytoplasmic proteins by FACS
require fixation of the cells to make them permeable
and amenable to the detection of intracellular com-
ponents. However, the viability of the cells is lost
precluding any subsequent in vivo or in vitro study.
Similar problems are encountered by immunocy-
tochemistry that also demands cell fixation before
the antibody or a cocktail of antibodies is utilized to
determine the stemness or commitment of the cells.

So far, experimental studies and clinical trials have
employed rather heterogeneous bone marrow cell
preparations in an attempt to regenerate dead my-
ocardium after infarction. With a few exceptions [7,
8], the injection of bone marrow cells has resulted
in a consistent improvement in function of the in-
farcted heart in both animals and humans [12–15].
However, these reports have not answered the crit-
ical question whether one bone marrow cell has a
more powerful therapeutic efficacy than another. It
is hard to envision that any cell of bone marrow ori-
gin can form new myocardium with functionally
competent myocytes and coronary vessels. In the
majority of cases, the administrated cells were not
characterized and, most likely, represented a combi-
nation of therapeutically effective and noneffective
cells. Importantly, cells with distinct epitopes were
not tested. Similarly, CSCs positive for c-kit or Sca-1
have been employed in rodents after infarction but
no comparison was made with other CSC classes
[10, 16]. Thus, the identity of the most appropri-
ate cell for the management of heart failure remains
essentially unknown.

The c-kit+ CSC was the first stem cell identi-
fied in the rat heart [10]. More recent studies have
indicated that Sca-1+ CSCs are the predominant
stem cell population in the mouse heart [16, 17].
According to these observations, Sca-1+ CSCs are
100- to 700-fold more frequent than c-kit+ CSCs.
Similarly, MDR1+ CSCs have been isolated and
found to represent a small fraction of all CSCs in
the mouse heart [18]. Comparable results with re-
gard to hematopoietic stem cells have been reported
in the mouse bone marrow. Quantitative data from
our laboratory have demonstrated that in the mouse
heart there is one CSC per∼30,000 myocardial cells:
63% of all CSCs possess the three stem cell antigens
(c-kit, MDR1, Sca-1); 22% possess two stem cell
antigens, and 15% possess only one. Approximately
5% each of all CSCs express exclusively c-kit, MDR1,
or Sca-1 [19]. However, this work did not resolve
the issue whether the variability in the distribution
of these surface markers actually reflects cells with
distinct functional import. Some information can
be obtained from the available transgenic mice: the
Sca-1–/– mouse and the MDR1–/– mouse [20, 21]
have essentially a normal phenotype with modest
defects of the hematopoietic system and other or-
gans. Recently, the Isl1 transcription factor has been
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shown to be associated with a cell population that
conditions heart morphogenesis in the mouse em-
bryo [22]. Defects in the development of the right
ventricle, atria, and outflow tract have been linked
to the homozygous deletion of Isl1. Conversely, the
expression of Isl1 in primitive cells clustered in the
niches or scattered throughout the atrial and ven-
tricular myocardium of the adult mouse heart is,
at best, extremely rare. In our research, we have
not found even a single example. Similarly, no Isl1+

cells have been detected in the acutely and chron-
ically failing human heart (Figure 20.2). Although
these initial results do not exclude that some Isl1+

cardiomyoblasts may be present in the adult my-
ocardium, the functional impact of these cells on
cardiac pathology, if it exists, is debatable.

In contrast to the deletion of Sca-1 or MDR1, mu-
tation of the c-kit receptor in the W/WV mouse has
profound effects on the phenotype of the animal.
The W/WV mouse has a spontaneous point muta-
tion in one allele (WV) coupled with the deletion of a
large sequence of amino acids in the other allele (W)
of the c-kit receptor [23]. The homozygous W/W
mouse dies shortly after birth, while the heterozy-
gous W/WV has defects of the hematopoietic system
with the development of anemia, melanocytes with
loss of skin pigmentation, and mastocytes with al-
tered immunoresponse. The W/WV mouse reaches
adulthood and the heart shows at 8–9 months alter-
ations in cardiac anatomy and function that precede
the overt manifestations of anemia. Thus, muta-
tion of the c-kit receptor attenuates the growth of
CSCs and their commitment to the myogenic lin-
eage resulting in a reduction of myocyte formation,
accumulation of senescent myocytes, and alter-

ations in ventricular performance and cardiac
anatomy [24]. Conversely, the numerical density
and the total length of arterioles and capillaries in
the ventricle are preserved. In view of the multipo-
tentiality of c-kit+ CSCs in vitro and in vivo, the
contribution of these cells to the formation of ECs
and SMCs organized in coronary vessels was com-
pensated in W/WV mice by other CSC classes. In
this model, c-kit+ CSCs may play a major role in
myocyte regeneration and a lesser role in vasculo-
genesis. This notion is consistent with the ability
of rat clonogenic c-kit+ CSCs to extensively repair
the infarcted heart following permanent coronary
artery occlusion [10] or ischemia-reperfusion in-
jury [25] in syngeneic animals. Conversely, Sca-1+

CSCs have a little impact on the repair of the heart
following ischemic damage [16].

On this basis, the possibility is advanced that c-
kit+ CSCs are the predominant primitive cell pop-
ulation responsible for myocyte regeneration in the
adult heart, while their involvement in the forma-
tion of coronary arterioles and capillary structures is
less critical for the preservation of myocardial per-
fusion. Therefore, the expression of distinct stem
cell epitopes has a functional counterpart that can
be exploited to improve myocardial repair. How-
ever, the needs of the overloaded failing heart vary
with the etiology of the initiating event, the stage
of the disease process, and the age and sex of the
patient. Conditions exist in which the formation
of large coronary vessels and resistance arterioles is
more important than that of myocytes. Conversely,
other situations require a larger number of my-
ocytes than coronary vessels or a well-balanced mix-
ture of the two. Information concerning the growth

Figure 20.2 c-kit and Isl1 cells in the myocardium. Isl1+

cells are illustrated in the neural crest of a 13-day-old rat
embryo at both (A) low and (B) higher magnification. Isl1+

cells are not found (C) in the adult normal rat heart and
(D) in the failing human heart, which have c-kit-positive
cells.
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characteristics of CSC classes is critical if less em-
pirical and carefully planned strategies are to be im-
plemented for the successful rebuilding of the de-
compensated heart.

CSCs and human heart failure

Coronary artery disease and systemic hypertension
are the major causes of congestive heart failure [2,
6, 26], but myocardial infarction and high blood
pressure lead to heart failure by mechanisms that
are initially different, remain distinct during the
progression of the pathologic processes, and may
become comparable only in the late evolution to
terminal failure [26, 27]. The post-infarcted heart
typically shows cavitary dilation, wall thinning, and
an increase in both diastolic and systolic wall stress
[28]. In contrast, systemic hypertension is charac-
terized by thickening of the wall and an increase
in wall thickness-to-chamber radius ratio. The hy-
pertensive heart is faced initially with an increased
systolic load, and only in the advanced stage, when
decompensation develops, does an abnormal ele-
vation in left ventricular end-diastolic pressure to-
gether with thinning of the wall and chamber di-
lation becomes apparent [27]. Defects in coronary
blood flow are present in both pathological states,
but the abnormalities in myocardial perfusion are
more prominent in hypertensive hypertrophy than
in the postinfarcted heart. Similarly, the phenotypic
architecture and loading of the heart vary signifi-
cantly in ischemic heart disease, hypertension, id-
iopathic dilated cardiomyopathy [3, 26], and in the
unsuccessful repair of a valvular defect with persis-
tence of ventricular dysfunction and myocardial hy-
pertrophy [28]. Whether this difference in cardiac
pathology impacts differently on CSCs is unclear,
but is an important question.

The chronic evolution of these disease processes
is characterized by the formation of multiple sites
of replacement fibrosis across the myocardium, al-
though they tend to accumulate in the lower midre-
gion and subendocardial layer of the ventricular
wall. This phenomenon is typically seen in ischemic
heart disease. In the progression of ischemic car-
diomyopathy, in fact, the size of the infarct is not
a good predictor of the short-, mid-, and long-
term outcome of the disease. Negative remodeling
and accumulation of damage in the surviving my-

ocardium become the critical determinants of car-
diac dysfunction and terminal failure. The number
of acute events differ in patients and, depending on
the nature of the damage, segmental losses of my-
ocardium require therapeutic approaches that are
by far more complex than those for acute infarcts
or small foci of tissue injury scattered in the my-
ocardium. Observations in humans acutely after
infarction [29, 30] or sustained pressure overload
[31] indicate that the degree of differentiation that
newly formed parenchymal cells acquire when they
are clustered together in a large area of lost tissue
is markedly distinct from that of regenerated my-
ocytes dispersed throughout the viable myocardium
in close proximity to mature preexisting cells. In the
former case, myocytes are small and the myofibrils
are rare and occupy only a minimal portion of the
cytoplasm resembling fetal–neonatal cells. In the
latter case, the regenerated myocytes are indistin-
guishable from the adjacent muscle cells and exhibit
an adult phenotype.

This is an attractive biological problem that raises
some interesting questions concerning the microen-
vironment and the cross talk between differentiated
and developing myocytes. It is difficult to foresee
how the etiology of heart failure and the stage of the
disease alter the CSC pool, and thereby the ability
of the heart to respond to the worsening of cardiac
performance promoting formation of parenchymal
cells and coronary vessels. Moreover, how the my-
ocytes and the coronary vasculature and microvas-
culature are generated in an organized orderly man-
ner is unknown. Similarly, whether the vascular
scaffolding is needed for a proper development of
the myocyte compartment or the muscle mass con-
stitutes the framework that conditions the insertion
of the coronary bed is currently unclear.

The recognition that the expression of a single
stem cell antigen or their combination is linked to
the formation of a preferential cardiac cell progeny
or progenies may allow us to develop very power-
ful and novel strategies for the regeneration of my-
ocytes and coronary vasculature and the restoration
of cardiac performance in the failing heart. Accord-
ing to need, a new tool may become available for the
predominant formation of myocytes and/or coro-
nary vessels. To gain some insights into the func-
tional implications that CSCs with different surface
antigens may have in myocardial growth in large

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


CHAPTER 20 Cardiac stem cells and the failing heart 207

mammals, CSCs were isolated from the dog heart
and characterized [1]. Clones were developed from
CSCs with the three epitopes and from CSCs with
one epitope each (Figure 20.3).

Clones developed from single CSCs expressing c-
kit, MDR1, or Sca-1-like only maintained the same
phenotype and never changed the expression of the

initial epitope in the clones and in the subclones.
The size of the clones and subclones, developed at
the same time under identical in vitro conditions,
varied significantly when the clonogenic cells ex-
pressed different epitopes. c-kit+ clones were signif-
icantly larger than MDR1+, Sca-1-like+, and c-kit–
MDR1–Sca-1-like+ clones. Thus, the expression of

E
Figure 20.3 (A–E) Localization and relative proportions of
stem cell antigens in cardiac primitive and early committed
cells. (F) A clone developed from a single c-kit+ cell. (G–J)
Clone-derived differentiated cells. In the bar graph (K),

M = myocytes; SMC = smooth muscle cells; and EC =
endothelial cells. Panels (A–D) and (F–J) adapted from
(cont.).
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Figure 20.3 (Continued )

c-kit appears to be the major determinant of the
self-renewing properties of CSCs. When the same
number of cells from each distinct clone was placed
in a differentiating medium, the total number of
committed cells differed whether they were gener-
ated from c-kit+, MDR1+, or Sca-1-like+ clono-
genic cells or from c-kit–MDR1–Sca-1-like+ cells.
Over a period of 4 weeks, 11 × 105, 4 × 105, 2 × 105

cells were formed from c-kit+, MDR1+, and Sca-
1-like+ cells, respectively. c-kit–MDR1–Sca-1-like+

clonogenic cells created 2 × 105 cells. Therefore, the
ability of clonogenic c-kit+ cells to create myocar-
dial cells was much greater than that of MDR1+,
Sca-1-like+, and c-kit–MDR1–Sca-1-like+ clono-
genic cells. Although different clonogenic cells gen-
erated different numbers of myocardial cells, they
gave rise to similar proportion of cardiac cell lin-
eages: ∼30–32% myocytes, ∼22–29% SMCs, ∼6–
12% ECs, ∼12–18% fibroblasts, and ∼17–24% un-
differentiated cells. Whether the equivalent classes
of human CSCs will react and grow in a similar man-
ner is difficult to predict. Nevertheless, these possi-
bilities have to be explored. If confirmed, this infor-

mation will be highly relevant to the implementa-
tion of cellular therapy in patients. CSC treatment
will be programmed according to the pathologic
state of the patient who will be treated with an au-
tologous specific CSC expanded in vitro to correct
a myocyte deficiency, a vascular defect, or both.

Conclusions

Effort has been made to isolate CSCs from small
samples of myocardial tissue obtained from patients
undergoing cardiac surgery and extracorporeal cir-
culation. Discarded samples such as the atrial ap-
pendage that was removed for the implantation of
the pump were utilized for this purpose. A method-
ology was developed by which cardiac progenitor
cells were isolated from the myocardium and ex-
panded in vitro for a subsequent sorting, charac-
terization, and cloning protocol [32]. To document
that the in vitro expanded human CSCs are capa-
ble of differentiating, reaching functional compe-
tence, and repairing the damaged myocardium, in-
farcts were produced in immunodeficient mice and
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Figure 20.3 (Continued )

immunosuppressed rats and the human CSCs were
injected in the contracting myocardium bordering
the infarct shortly after coronary artery ligation.
The human CSCs regenerated human myocytes
and coronary vessels, reducing the magnitude of
ischemic injury and improving the performance of
the infarcted heart. These data indicate that thera-
peutic strategies with CSCs are feasible and might
be relevant to the management of human disease.
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21 CHAPTER 21

Myocardial infarction:
risks and hope

Marc A. Pfeffer, MD, PhD

Introduction

The person experiencing a myocardial infarction
is making an immediate and profound statement
“please help me – I have a systemic disease called
atherosclerosis which is at present leading to the
death of some of my precious cardiomyocytes”. Both
the health care and lay communities are well aware
that this is an emergency situation requiring prompt
medical attention. In the hyperacute phase, when
regional myocardial ischemia is transitioning to cell
death, the propensity for a fatal arrhythmia is so ex-
treme that many of the deaths occur even before
presentation to a hospital. Indeed, the major impe-
tus for and the initial success of coronary care units
resided in the ability to monitor cardiac rhythm
and to employ direct electrical cardioversion for
life-threatening and former life-ending ventricular
arrhythmias.

Coronary care units

The development of coronary care units by con-
centrating expertise in the management of patients
with myocardial infarction also had a profound in-
fluence on subsequent research and clinical accom-
plishments. Perhaps the next major phase of devel-
opment of coronary care during its infancy was the
realization that not all myocardial infarctions are
equal. The clinical differentiation based on a hemo-
dynamic characterization of systemic perfusion and
the presence of pulmonary congestion provided one
of the early risk stratification systems [1, 2]. With
the incorporation of cardiac enzymes, later to be-
come cardiac markers, into the clinical diagnosis

of myocardial infarction, it soon became apparent
that the extent of myocardial necrosis was highly
variable [3]. Some infarcts were associated with
barely detectable cardiac marker evidence of necro-
sis, whereas others resulted in extensive cell death. It
was readily apparent that the patients with greater
cardiac marker evidence of cell death were more
likely to have a clinically complicated myocardial
infarction including cardiogenic shock. The routine
integration of biochemical measures of infarct size
into clinical care set the stage for one of the most
major paradigm shifting discoveries in clinical car-
diology.

Myocardial salvage

Dr. Eugene Braunwald led a series of studies that
delineated the determinants of oxygen consump-
tion of the heart [4]. Myocardial ischemia became
understood as an imbalance between the supply
and demand of the myocardium for oxygen. A my-
ocardial infarction was a consequence of prolonged
ischemia leading to irreversible cell death. A tem-
poral pattern was described for this cell death, be-
ginning in the subendocardium and progressing as
a “wavefront” to epicardial regions [5]. In experi-
mental models of coronary occlusion, Braunwald,
along with the late Peter Maroko and colleagues,
demonstrated that by altering myocardial oxygen
supply/demand during the first few hours follow-
ing coronary artery occlusion, the extent of this pro-
gressive wavefront of cell death could be modified
[6, 7]. This groundbreaking discovery that myocar-
dial infarct size could be limited profoundly altered
the management of patients with acute myocardial
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infarction [8]. The concept of myocardial salvage
provided the experimental rationale [9] for clini-
cal trials that eventually demonstrated that prompt
pharmacological (thrombolytics) [10, 11] and me-
chanical measures (primary coronary angioplasty)
[12, 13] to restore coronary flow could limit in-
farct size, improve left ventricular function, and,
most importantly, reduce the risk of death as well as
other major nonfatal cardiovascular complications
of a myocardial infarction.

The demonstration of an early and sustained sur-
vival benefit with the early introduction of throm-
bolytic therapy in patients with ST-segment eleva-
tion infarction along with the concurrent progress
in percutaneous coronary interventions dramati-
cally shifted the focus of acute coronary care into
the “time equals myocytes” mode. Terms like door to
needle, door to balloon, open artery, and TIMI grade
3 flow all became part of the everyday parlance for
not just cardiologists and emergency department
physicians, but also hospital administrators [14].
Indeed, the promptness of recognizing and treating
a patient with an acute myocardial infarction in or-
der to salvage myocardium has gone from concept
to a quantifiable hospital performance measure.

Antiplatelet therapy

The role of platelet activation in contributing to
thrombus formation, the interruption of blood flow
during the acute phase of myocardial infarction,
and risk of reinfarction was exquisitely well demon-
strated in the 2 × 2 factorial design of ISIS II.
In this landmark randomized, placebo-controlled
clinical trial, significant survival benefits were in-
dividually achieved with the intravenous adminis-
tration of the thrombolytic streptokinase as well as
with the prompt use of oral aspirin [11]. Impor-
tantly, there was a clear additive reduction in risk
of death in those randomized to receive both active
therapies. Once a therapy is found effective, fine-
tuning studies generally push the envelope to probe
for additional potential benefits. Clopidogrel re-
duces platelet aggregation by inhibiting the adeno-
sine diphosphate P2Y12 receptor, a distinctly differ-
ent mechanism than the irreversible inhibition of
platelet cyclooxygenase produced by aspirin. Dual
antiplatelet therapy (aspirin and clopidogrel) has
been shown to be effective in several acute coronary

syndrome settings and, most recently, was shown to
result in further reductions in mortality without ex-
cessive bleeding risks when administered to patients
with acute ST-elevation myocardial infarctions
[15, 16].

Adjunctive therapy with an antithrombotic agent
also reduces risk for subsequent atherothrom-
botic events during the acute phase. Evidence
is accumulating that newer agents, such as low-
molecular-weight heparin (enoxaparin) and a syn-
thetic pentasaccharide (fondaparinux), offer clin-
ical advantages over unfractionated heparin [17,
18]. The inherent risks of major hemorrhagic com-
plications when administering multiple agents to
reverse and block atherothrombosis underscores
the complexities of acute coronary care and the
need for highly experienced and specialized care
in the acute phase of a myocardial infarction. In-
deed, acute coronary care has evolved into a highly
specialized aspect of cardiology involving the coor-
dination of the sophisticated team of caregivers to
promptly diagnose and optimally treat acute coro-
nary syndromes to reduce the immediate risk of
death and to salvage as much myocardium as pos-
sible.

Risk factor modification

There is an important transition in clinical man-
agement that generally coincides with the transfer
of the patient from the acute coronary care unit
to a monitored intermediate setting. By definition,
these patients have survived the hyperacute phase
of a myocardial infarction and have already been
the recipients of therapies to reduce the extent of
myocardial necrosis. This is a natural time to re-
assess prognosis, especially long-term risk, and to
evaluate management options. Assessing risk is op-
timizing therapeutic opportunities, not assigning
blame. Survivors of myocardial infarction, for the
most part, can look forward to resuming a full and
active lifestyle. However, what is clearly different is
that they have now identified themselves as some-
one who not only has coronary artery disease but
also had an acute event, which resulted in some loss
of functional myocardium.

In assessing risk for future cardiovascular mor-
bidity and mortality, it is essential to retrace premy-
ocardial infarction risk factors. Although genetics
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play a prominent role in cardiovascular (as well as
other) risks, disavowing one’s heritage is not an ef-
fective risk-modifying strategy. Advanced age, per-
haps the most important risk factor, is also currently
not modifiable.

Fortunately, there are several significant oppor-
tunities to lower subsequent risk. For smokers, there
is no more important intervention than the lifestyle
change of cigarette cessation. One of the important
hospital performance measures for acute myocar-
dial infarction care is the documentation that in-
structions regarding smoking cessation were appro-
priately administered. Presence of diabetes, whether
known prior to the infarct or newly diagnosed,
portends a 30–40% increased risk of all the ma-
jor cardiovascular complications during the acute
and chronic phase of a myocardial infarction [19].
Similarly, having hypertension prior to the infarct is
associated with a greater risk of subsequent events,
even if arterial pressure following the myocar-
dial infarction is within the “normotensive range”
[20, 21].

The importance of lipids levels, specifically high
LDL cholesterol and low HDL cholesterol, as a mod-
ifiable risk factor has been underscored by multiple
well-conducted, randomized, placebo-controlled
clinical trials of statins. In both primary and sec-
ondary prevention trials, statins have proven to be
well tolerated, safe, and effective in improving sur-
vival and reducing rates of atherosclerotic events
[22]. Although it has long been known that pa-
tients with end-stage renal disease are among the
highest risk cohort, more recent data have under-
scored that even more modest levels of renal impair-
ment can greatly augment the cardiovascular risk
following myocardial infarction [23]. With similar
relative risk reductions, when used in primary and
secondary prevention, the absolute benefit in lives
saved and nonfatal events prevented by a statin is
considerably greater in the higher risk postmyocar-
dial infarction population [24].

A survivor of myocardial infarction is at a much
higher risk for sudden death, sustaining a recurrent
infarction, and/or the development of congestive
heart failure than those with coronary artery dis-
ease who have not had an acute event. These risks
are greatest in the weeks and first months following
the initial event and remain above premyocardial
infarction baseline risk even years after the acute

event [25]. In the context of regenerative cell ther-
apy, a current therapeutic target is to improve left
ventricular function and thereby reduce the risk of
developing chronic heart failure and its sequelae
by augmenting or restoring contractile tissue. Con-
cerns have been raised that malignant ventricular
arrhythmias can be provoked by the imposition of
a focus of cells that are not fully electromechani-
cally integrated into the myocardium [26]. There is
also no current reason to hypothesize that attempts
to restore contractile tissue would reduce the risk of
subsequent coronary atherothrombotic events. One
preliminary report indicated an increased restenosis
rate in patients who received direct intracoronary
administration of cells mobilized with granulocyte
colony-stimulating factor [27]. Therefore, a major
potential therapeutic opportunity for regenerative
cell-based therapies for patients experiencing a my-
ocardial infarction would be to identify those who,
despite current optimal treatment, remain at sub-
stantial risk for developing severe life limiting heart
failure due to the loss of contractile tissue. Selection
of these patients at highest risk for heart failure com-
plications following myocardial infarction will be an
important aspect of optimizing the risks/benefits of
novel cell-based therapies [28]. Determining the ap-
propriate inclusion characteristics of patients in fu-
ture pivotal clinical trials will be critical and should
be based on the pathophysiologic basis of postmy-
ocardial infarction heart failure.

Risk of heart failure following
myocardial infarction

By definition, the key difference in an individual
prior to and following a myocardial infarction is
that there has been a loss of contractile tissue as a
consequence of the myocardial necrosis. The resul-
tant left ventricular function is closely related to the
magnitude of myocardial damage. Although gen-
erally assessed as left ventricular ejection fraction,
more quantitative measures, such as end systolic or
end diastolic volumes, the extent of noncontractile
tissue assessed by akinesis and dyskinesis, or scar
area as detected by late enhancement contrast us-
ing magnetic resonance imaging, can all be used to
provide an important component of risk assessment
for survivors of myocardial infarction. Regardless of
the specific measure, the extent of damage and the
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closely linked degree of left ventricular dysfunction
are key determinants of subsequent risk of develop-
ing heart failure. Although the loss of myocardium
is abrupt, it is not uncommon for the clinical ap-
pearance and recognition of sufficient clinical signs
and symptoms of heart failure to occur years after
the myocardial infarction [29, 30]. Those patients
that go on to develop clinical heart failure postmy-
ocardial infarction are at much higher risk of sub-
sequent death, with median survivals estimated of
only approximately 2–3 years.

Left ventricular remodeling
following myocardial infarction

Animal studies provided mechanistic insights re-
garding the development of chronic heart failure
following the acute loss of myocytes as a conse-
quence of a myocardial infarction. As anticipated,
following left coronary artery ligation there is an
abrupt reduction in contractile function in the re-
gion no longer adequately perfused. Acutely, stroke
volume and left ventricular ejection fraction may
both be reduced in direct relation to the extent of the
myocardial damage [31]. In clinical studies using
serial echocardiography, a process of thinning and
elongation of the noncontractile region of larger
infarctions, termed infarct expansion, had been de-
fined [32]. This initial distortion of the ventricu-
lar geometry often heralds a longer, more insid-
ious process of ventricular enlargement [33, 34].
The late Dr. Janice Pfeffer led a series of studies that
identified and characterized the process of left ven-
tricular remodeling following myocardial infarc-
tion [34, 35]. She demonstrated that the enlarge-
ment of the left ventricular chamber went beyond
just infarct expansion and was also a consequence
of structural alterations in the border zone as well as
the remote hyperfunctioning residual myocardium
[35]. Although this global enlargement of ventric-
ular chamber may initially provide some compen-
sation to restore stroke volume and other aspects
of pump function, the alterations in ventricular
size and geometry could become self-sustaining and
contribute to a progressive decline in ventricular
function [36]. In effect, the enlarged chamber re-
sults in high wall stress during the entire cardiac
cycle that leads to further distortions of ventricu-

lar size and shape causing a further deterioration in
ventricular function [37].

In addition, animal studies clearly show that,
once initiated, adverse ventricular remodeling con-
tinues even after histologic resolution to fibrous
tissue in the infarcted region. Alterations of the ge-
netic expression of myocytes in the remote nonin-
farcted area were consistent with the fetal pattern
seen with cardiac hypertrophy produced by experi-
mental hyperfunctional conditions [38]. Moreover,
there was an increase in proportion of cells exhibit-
ing apoptosis and an augmentation in interstitial
fibrosis – both indicative that this initial regional
loss of myocytes had triggered a more global detri-
mental response.

The discovery that this process of ventricu-
lar enlargement could be mitigated by long-term
treatment with an angiotensin-converting enzyme
(ACE) inhibitor provided a new therapeutic target
beyond risk factor modification following myocar-
dial infarction [39]. In animal studies, it was pos-
sible to demonstrate that long-term therapy with
captopril reduced the progressive increase in ven-
tricular chamber volume that occurred as a conse-
quence of a myocardial infarction. Although infarct
size was the greatest determinant of the extent of
ventricular enlargement, treatment with the ACE
inhibitor modified the time-dependent process of
remodeling, resulting in a smaller ventricle chamber
and less deterioration of pump performance [39]. In
addition, in this animal model, the 1-year survival
was also improved by ACE inhibitor therapy [40].

Changes in the size and shape of the ventricle as
a consequence of a myocardial infarction are now
clinically well recognized. As in animals, the loss
of myocardium alters the regional and global wall
stresses, which promote further distortions of the
ventricular chamber [41]. Importantly, the extent
of ventricular remodeling has been related to the
risk of subsequent death and/or the development
of heart failure [42, 43]. However, in the clinical
arena, this remodeling response is highly variable.
As anticipated, those with more extensive necrosis,
greater interruption in coronary flow, and reduced
myocardial perfusion are more likely to exhibit
more adverse remodeling [44]. Unfortunately, these
factors are not sufficiently predictive in the early
infarct period to reliably identify on an individual
basis patients that will have marked remodeling.
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Indeed, almost one quarter of the patients expe-
riencing a first ST-segment elevation anterior my-
ocardial infarction treated early with contemporary
therapies have almost normal ventricular function
and size as assessed by echocardiography at 90 days
[45]. This recovery in some but clearly not all pa-
tients with documented myocardial necrosis may
reflect the marked variability of intrinsic cardiac
regenerative capacity. The challenge for future in-
vestigative studies will be to identify those on the
path for progressive remodeling and deterioration
of function and to determine whether experimental
procedures and therapies designed to augment car-
diac regenerative capacity can reverse adverse ven-
tricular remodeling and thereby improve prognosis.

Regenerative cardiovascular therapy is in its in-
fancy and has many parallels with myocardial in-
farct size limitation. It has been over 30 years since
experimental studies in animals first demonstrated
that myocardial infarct size could be modified. From
concept to clinical translation, providing definitive
proof of the morbidity and mortality benefits of
pharmacologic and invasive strategies targeting my-
ocyte salvage required approximately 15 years. In-
deed, this still remains a current area of intense
investigation, with important fine-tuning studies
still identifying optimal combinations of therapy
to most promptly restore coronary patency and,
more recently, to improve tissue perfusion. These
past three decades of investigative work to limit
myocardial damage should serve as a template for
viewing the future of this exciting new therapeutic
area of restoring functional myocardial tissue. We
have crossed another paradigm changing threshold
where animal studies have demonstrated cardiac re-
generative capacity [46]. The journey to the clinical
finish line of improving prognosis following my-
ocardial infarction will also take decades of high-
quality basic and clinical investigations to better
understand the mechanisms of myocardial regen-
eration, and by this activity, optimize what will un-
doubtedly be multiple combinations of therapeutic
approaches.
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Conclusions – future directions

Piero Anversa, MD, Edmund H. Sonnenblick, MD, &
William H. Frishman, MD

In April 2001, the recognition that hematopoietic
stem cells (HSCs) can acquire the cardiac cell lin-
eages and regenerate the infarcted heart in mice
started a scientific revolution that has dominated
and continues to dominate the cardiovascular field
biologically and clinically [1]. Because of their po-
tential ability to transdifferentiate into cardiomy-
ocytes, vascular smooth muscle cells, and endothe-
lial cells, HSCs have been proposed as a novel form
of cell therapy for the damaged heart [2]. This possi-
bility, however, has generated profound enthusiasm
and strong skepticism in the scientific and clinical
community. The basis for the controversy is multi-
factorial and involves not only scientific reasons but
also emotional beliefs. Under the ingrained convic-
tion that HSCs cannot disobey lineage specifica-
tion, the detractors of HSC plasticity immediately
claimed that they were unable to reproduce pub-
lished results, and reaffirmed their negative view
regarding the therapeutic efficacy of bone marrow
cells for human disease [3]. In spite of the fact that
the experimental design and methodological analy-
sis of the myocardium used in these negative studies
were strikingly different from those employed in the
original report [1], these data fomented the debate
and reproposed the use of skeletal myoblasts as the
only safe and promising cells to be implemented in
patients with chronic heart failure [4].

It is rather instructive that the disbelievers of HSC
transdifferentiation are similarly against the possi-
bility of cardiomyocyte regeneration by activation
of endogenous stem cells [5]. Their conviction is
that we are born with a determined number of car-
diomyocytes that can live for 100 years or more.
Since the majority of the cardiomyocytes are present

at the death of the organ and organism, according
to this paradigm, these cells should be essentially
immortal. Because of this unshakable position, it
has become convenient to interpret negative results
as facts and positive data as the product of techni-
cal artifacts [3–5]. A good example can be found in
a recent study in which the ability of multipotent
adult progenitor cells (MAPCs) expressing green
fluorescent protein (GFP) was studied [6]. These
cells were labeled by bromodeoxyuridine (BrdU)
prior to their injection in the brain on the assump-
tion that BrdU-positive Purkinje neurons would be
indicative of their origin from the implanted cells.
However, the conclusion was reached that BrdU is
a poor marker of transdifferentiation of primitive
cells into neurons. Apparently, BrdU is lost from the
dying injected GFP-positive MAPCs and incorpo-
rated by adjacent neurons falsely mimicking neu-
ronal formation.

Although this report may simply reflect the poor
viability of the administered cells, it was rapidly
adopted [7] as the unquestionable demonstration
of the misinterpretation of previous findings in fa-
vor of HSC plasticity [8, 9]. In fact, an identical
approach was successfully employed to document
the regeneration of neurons by spinal cord stem
cells in which the issues of cell viability and labeling
were carefully addressed [10]. In an identical man-
ner, green fluorescence present in samples of skele-
tal muscle after immersion fixation with formalin
was equated to autofluorescence of tissue sections
stained with antibody against GFP [11]. This mis-
understanding of autofluorescence was utilized to
dismiss multiple evidence of HSC transdifferentia-
tion in cardiomyocytes and coronary vessels [12].
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Remarkably, the lack of GFP-positive Purkinje neu-
rons in the study of the brain was assumed valid
and the presence of BrdU labeled neurons an arti-
fact [6]. However, the absence of GFP-positive cells
strongly suggests that GFP staining was less than op-
timal. Properly implanted intact GFP-tagged cells
should not disappear almost completely in 1 week,
and, at minimum, a fraction of immature cells ex-
pressing GFP should have been found at the site
of delivery in the treated brains. Alternatively, dead
cells were injected and faded away quickly from the
location of administration. Most importantly, the
bone marrow cells previously shown to transdiffer-
entiate into Purkinje neurons were freshly isolated
from the bone marrow [8] or migrated directly from
the bone marrow to the brain [9]. These bone mar-
row cells cannot be compared with MAPCs, which
are a product of long-term culture [13]. Surpris-
ingly, these alternative possibilities and dramatic
differences were neither explored nor considered.
So far, experimental studies and clinical trials have
employed rather heterogeneous bone marrow cell
preparations, but this treatment has resulted in a
consistent improvement in function of the infarcted
heart. However, the search for the most effective
HSC for cardiac repair continues.

An unusual, unexpected behavior has emerged
with the explosion of stem cell biology and the at-
tempt to introduce cell therapy in the clinical man-
agement of heart failure. The scientific community
is divided in several sectors, which tends to promote
one cell type versus another. Embryonic stem cells
(ESCs) are totipotent cells, which have a tremen-
dous growth potential and can differentiate into
cells of the ectoderm, endoderm, and mesoderm.
ESCs are derived from the inner mass of the blas-
tocyst and can be grown indefinitely in vitro [14].
Because of this characteristic, human ESC lines have
been obtained from human blastocysts with the
expectation of a future clinical application. Prob-
lems related to rejection and tumor formation exist
with this cell population [15], but when these risks
become resolved, extremely powerful cells will be
available for the treatment of human diseases [16].
Currently, ESCs are a unique tool for the analysis of
critical biological questions, while their implemen-
tation in patients remains to be seen in the future.

Mesenchymal stem cells (MSCs) have been de-
fined as the nonhematopoietic progenitor cell com-

partment of the bone marrow. Marrow stromal cells
are highly proliferative and clonogenic. MSCs pos-
sess a high degree of plasticity in vitro and in vivo. In
the presence of growth factors, MSCs acquire mul-
tiple lineage cell phenotypes, including osteoblasts,
adipocytes, chondrocytes, neuronal-like cells, en-
dothelial cells, and cardiomyocytes [15]. The my-
ocyte commitment of MSCs recapitulates, at least
in part, embryonic development. Cultured MSCs
become rod shaped and express progressively tran-
scription factors and contractile proteins typical
of cardiomyocytes. Cells beat spontaneously and
synchronously as well as after stimulation with β-
agonists [17]. Importantly, MSCs lead to myocar-
dial regeneration in vivo [18, 19]. However, the
intracoronary delivery of MSCs after infarction is
coupled with fibroblast differentiation of the in-
jected cells within the scar and myocyte formation
within the surviving myocardium [15]. Addition-
ally, engrafted MSCs may secrete peptides and have
paracrine effects on the heart [20].

Circulating bone-marrow-derived cells include
the subset of endothelial progenitor cells (EPCs),
which promotes neovascularization in vivo [21].
EPCs have been derived from partly differenti-
ated CD34-positive cells, immature CD133-positive
HSCs, peripheral blood mononuclear cells, and
CD14-positive monocytes. Although EPCs can be
generated from different sources, they all show en-
dothelial marker proteins such as vascular endothe-
lial growth factor receptor 2 (KDR), von Willebrand
factor, and endothelial nitric oxide synthase [22].
Delivery of bone-marrow-derived or circulating-
blood-derived EPCs has a beneficial impact on
postinfarction remodeling. Evidence suggests that
EPCs generate new vessels and can induce migration
and growth of c-kit-positive cardiac progenitor cells
by secretion of specific cytokines [23]. Although
experimentation in vivo remains to be performed,
there is the possibility that EPCs, together with the
local release of cytokines, activate the inherent re-
generative capacity of the heart, reconstituting dead
myocardium. Additionally, the ability of EPCs to ac-
quire the myocyte lineage has been documented in
vitro and in vivo [24, 25]. The clinical significance
of these findings is enormous.

Several laboratories have identified regenerative
resident progenitor cells in the adult heart [26, 27],
but the controversy concerning the regeneration
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potential of the heart is not resolved yet. However,
these observations have led to the development of
a new paradigm in which pluripotent cardiac stem
cells (CSCs) are implicated in the turnover of car-
diac cells and the formation of cardiomyocytes and
coronary vessels following injury [28–31]. Unfor-
tunately, CSCs cannot invade spontaneously the
dead myocardium and repair the damaged heart.
The recognition of factors enhancing the activa-
tion of the CSC pool [32], and their mobilization
and translocation to pathological areas [33], where
they eventually grow and differentiate, would make
the previously impossible dream of therapeutic my-
ocardial regeneration a feasible reality [34, 35].

In all cases, the reconstitution of the myocardium
after infarction leads to a tissue that resembles the
neonatal–fetal heart. Perhaps, the disruption of the
extracellular matrix and/or the dramatic increase
in diastolic or systolic stress opposes the restora-
tion of the adult myocardial phenotype. This limi-
tation may be overcome by the use of bioengineered
scaffolds (see Chap. 18) loaded with peptides that
enhance progenitor cell homing, proliferation, and
differentiation into myocytes and coronary vascula-
ture [36]. Genetic modifications of progenitor cells
(see Chap. 19) can enhance their ability to sur-
vive within the hostile environment of the necrotic
tissue, potentiate their growth, and ultimately fa-
vor their acquisition of committed progenies [37],
leading to a rapid restoration of the injured my-
ocardium. Stem cell therapy, gene therapy, and bio-
engineered scaffolds may be implemented together
for the actual rebuilding of the failing heart. How-
ever, we do not know yet the optimal progenitor
cell or the composition of the best mixture of pro-
genitor cell classes that promote rapid and efficient
cardiac repair. It is only by integrating the informa-
tion discussed in the several sections of this book
that fundamental issues of progenitor cell biology,
function, and practical application will be resolved.
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